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Résumeé - Abstract

Résumé. Dans le contexte actuel de réchauffement climatique, il est important de disposer

d’outils mathématiques performants et précis permettant de modéliser et simuler les phénomenes
naturels extrémes dont la fréquence d’occurrence augmente. En particulier, I’étude des risques
liés a la propagation et aux transformations des vagues en milieu littoral devient fondamentale.
Pour y parvenir, il est nécessaire de mettre au point et d’étudier : i) d’une part des modeles
mathématiques bien posés, traduisant avec fidélité les processus physiques impliqués, ii) d’autre
part des méthodes numériques adaptées aux particularités des modeles proposés et permettant de
réaliser des simulations numériques pertinentes.
Ainsi, nous nous intéressons dans cette these au régime d’écoulement particulier "shallow water"
et travaillons avec des modeles asymptotiques formant des systemes d’équations aux dérivées
partielles dispersives, incluant des effets fortement non-linéaires. Nous procédons a la conception
et a I’analyse de formulations discretes de type éléments-finis discontinus pour des modeles de
type Green-Naghdi, incluant de nouveaux termes avec vorticité générale, permettant de prendre en
compte les interactions non-linéaires entre vagues et courants.

Abstract. In the current context of global warming, the development of new strategies for
preventing risks of coastal submersion associated with storms becomes crucial. Such strategies
should rely on accurate numerical simulations. To achieve this, it is necessary on one hand to work
with suitable mathematical models, with a good description of all the physical processes at stake,
and on the other hand to design new numerical methods able to capture the particular assets of
the models. Hence, the goal of this work is to contribute to the development of new numerical
tools dedicated to the approximations of several shallow water asymptotics with weakly dispersive
and fully nonlinear effects: namely the Green-naghdi equations and the rotational Green-Naghdi
equations which include new terms able to account for nonlinear wave-current interactions. We
develop two new discrete formulations belonging to the family of discontinuous Galerkin schemes:
one for the elliptic problem associated with the Green-Naghdi dispersive terms, which is proved
to be coercive, leading to an invertible matrix, and one for the rotational Green-Naghdi equations,
ensuring the positivity of the water height and the enstrophy.
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Chapter 1

Introduction

1.1 Modélisation

Les zones littorales proposent une richesse environnementale indéniable. Elles sont toutefois
soumises a de fortes pressions de développement, une croissance démographique considérable et
une augmentation des activités économiques et récréatives. Tout ceci, rapporté a la fragilité des
environnements terrestres et marins , doit entrainer une réflexion dans la perspective de la prédiction
de la vulnérabilité dans un contexte de réchauffement climatique, et d’'un développement durable.
La notion de vulnérabilité induite par les changements climatiques est définie par le GIEC (Groupe
d’experts Intergouvernemental sur I’Evolution du Climat) comme étant la combinaison de la sensi-
bilité aux variations climatiques, la probabilité d’un changement climatique adverse et la capacité
d’adaptation du systeéme. Pour chacune de ces composantes, des indices peuvent tres construits et
combinés. Cependant, des challenges importants restent encore a relever, en particulier I’impact
d’un changement climatique adverse et I’interprétation de la vulnérabilité au travers de situations
variées. Comme mis en évidence par le GIEC dans le cadre d’études a I’échelle globale, les
systemes cotiers devraient étre fortement vulnérables aux changements climatiques. Dans ces
zones, les phénomenes d’érosion et de submersion marine sont parmi les conséquences les plus
importantes de la remontée du niveau marin, et a ce titre, les cotes métropolitaines francaises sont
particulierement vulnérables.

Il est donc important d’identifier et d’estimer des indicateurs de vulnérabilité a I’érosion et la
submersion marine pour les cotes basses, de I’avant-plage a 1’arriere pays, face au changement
climatique. Et c’est un probleme extrémement difficile, multi-disciplinaire, a la hauteur des enjeux
en question, puisque le systeme cdtier doit étre défini dans son ensemble par sa morphologie, ses
caractéristiques physiques, ’'occupation et I’utilisation de son espace, avec des échelles temporelles
qui vont du court-terme (échelle des tempétes) au long-terme (décennies), tandis que les échelles
spatiales iront de quelques dizaines de metres a plusieurs dizaines de kilometres.

Le mathématicien a un role important a jouer dans le processus de définition de tels indicateurs
et la modélisation mathématique en ingénierie cotiere et littorale est un domaine de recherche tres
actif, faisant I’objet de développements théoriques importants, motivés entre autre par la nécessité
de mieux comprendre les mécanismes des phénomenes océaniques et d’anticiper leurs impacts sur
les cotes, afin d’essayer d’aboutir a une gestion plus efficace des zones littorale. En ce sens, la
construction de modeles hydrodynamiques littoraux est particulierement importante, puisque de
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Chapter 1. Introduction

tels modeles sont amenés a jouer un role clé dans 1’évaluation de la vulnérabilité des cotes aux
inondations et a I’érosion.

De facon générale, la description du mouvement des ondes a la surface libre d’un fluide
incompressible sous I'influence de la gravité peut se faire au moyen des équations d’Euler a surface
libre, dont I’étude théorique a fait I’objet de nombreux travaux [45, 100, 168, 169, 175]. De
telles équations tridimensionnelles pour lesquelles le domaine de calcul fait implicitement parti
des inconnues du probleme, puisque la surface libre évolue au cours du temps, sont toutefois
difficiles a mettre en oeuvre pour modéliser et simuler I’ensemble des processus qui interviennent
aux échelles spatiales et temporelles évoquées au dessus. Il est donc nécessaire d’exhiber certaines
caractéristiques permettant de particulariser les écoulements littoraux, et d’étudier des modeles
mathématiques construits en prenant en compte ces particularités, en espérant ainsi simplifier, en
un sens a préciser ultérieurement, le modele d’Euler initial.

Ainsi, la notion d’écoulement en zone littorale est intimement li€e a la notion d’écoulement en eaux
peu profondes, ou encore shallow water flow selon la terminologie anglo-saxonne. L’hypothese
shallow water usuelle en mécanique des fluides fait référence au fait que I’échelle caractéristique des
composantes horizontales de la vitesse de la masse d’eau est grande devant celle de la composante
verticale. En mécanique, la prise en compte de cette hypothese revient a proposer de s’ affranchir
du calcul de la composante verticale de la vitesse par intégration de celle-ci sur la colonne d’eau
dans les équations décrivant I’écoulement considéré. Comme nous le verrons, ceci n’empéche pas
de calculer une composante verticale a priori non nulle via I’équation de continuité, sachant qu’elle
doit rester "petite", en un sens que nous serons a méme de préciser également ultérieurement.
Une autre conséquence de I’hypothese est que les composantes horizontales de la vitesse sont
susceptibles d’€tre constantes sur la verticale puisqu’elles sont intégrées.

En mathématique, le domaine de la modélisation et de I’ analyse asymptotique permet de prendre en
compte ces variations d’échelles au sein des modeles d’équations. Ainsi, dans les chapitres suivants,
nous nous concentrons sur le régime d’écoulement shallow water, qui est défini en introduisant
d’une part une échelle de longueur A caractéristique des variations horizontales d’un fluide dans
un tel domaine, et d’autre part une échelle de profondeur d’eau typique Hy, permettant d’obtenir le
parametre sans dimension suivant :

H_g

A2

aussi appelé parameétre de dispersion dans la littérature. Un écoulement sera dit vérifiant 1’hypothese
shallow water lorsque le parameétre de dispersion vérifie :

o=

u<l1.

Une autre caractéristique importante des écoulements littoraux est la non-linéarité des transforma-
tions des vagues, depuis la zone de shoaling, associée au redressement et raidissement des vagues,
avant le déferlement, lorsque la profondeur diminue) au jet de rive, en passant bien entendu par
le point de déferlement et la zone de surf. En effet, I'utilisation de modeles simplifiés linéaires
ne permet pas de traduire la dynamique observée durant ces différentes étapes entre 1’arrivée de
la houle en zone intermédiaire et le phénomene de run-up sur la plage ou contre une structure de
protection. Ceci justifie en particulier I’introduction d’un deuxieéme parametre sans dimension,
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1.1. Modélisation

important pour 1’étude qui va suivre, a savoir le parametre de non-linéarité :

ol aq est une grandeur caractéristique permettant de quantifier I’amplitude des vagues observées
en surface. Prendre en compte I’ensemble des non-linéarités observées dans un tel écoulement
revient ainsi a laisser a € la possibilité de devenir grand:

e =0(1), (1.1)
alors qu'un écoulement caractérisé par de faibles valeurs de &, a savoir
ex1,

sera qualifié de faiblement non-linéaire.

Les équations de Saint-Venant, décrites de maniere heuristique en 1871 dans [143], et aussi
appelées Nonlinear Shallow Water equations (NSW) en anglais, représentent aujourd’hui certaine-
ment le modele non-linéaire de type shallow water le plus utilis€. Ces équations se présentent
sous la forme d’un systéme de lois de conservations hyperboliques non-linéaires du premier ordre,
couplant I’évolution temporelle de I’élévation de la surface a la composante horizontale moyenné
verticalement de la vitesse. L'étude de ces équations a grandement bénéficié¢ de I’énorme intérét
suscité par cette grande et importante famille d” Equations aux Dérivées Partielles (EDP) aupres
d’un grand nombre de chercheurs depuis la seconde moitié du vingtieme siecle [102]. Les équa-
tions NSW sont utilisées pour modéliser un grand nombre de phénomenes : écoulements littoraux,
écoulements fluviaux, ruissellement, inondation ou encore des ruptures de barrages. En ce qui
concerne leur application en océanographie littorale, il a ét€ montré que ces équations permettaient
de décrire de maniere tres précise le phénomene de déferlement des vagues dans la zone de surf,
ou la vague déferlée est assimilée a un ressaut hydraulique (onde de choc), se propageant a une
vitesse calculée par les relations de Rankine-Hugoniot associée au systeme. Se forme alors un
profil caractéristique de vague déferlée dans la zone de surf, dit en dents de scie, se propageant
jusqu’au rivage avec une diminution d’amplitude due a la dissipation d’énergie au travers I’onde
de choc. De tels transferts d’énergie sont en effet représentés de maniere tres fine par la structure
hyperbolique du systeme et la diminution de I’entropie associée. A noter que les équations de
Saint-Venant linéaires sont bien entendues plus simples a étudier et la théorie des systemes hyper-
boliques linéaires est complete, contrairement aux systemes non-linéaires, mais elles ne permettent
pas de décrire I’ensemble des processus, hautement non-linéaires, observés dans la zone de surf.
Dans le Chapitre 2, nous procédons a la dérivation complete des équations NSW a partir des
équations d’Euler a surface libre, par un procédé de développement asymptotique et d’intégration
selon la direction verticale, et nous observons que la dérivation de telles équations revient a négliger
les termes d’ordre u au sein du développement asymptotique, tout en retenant la non-linéarité des
processus (1.1).

Toutefois, aussi pertinentes et efficaces en terme de modélisation et simulation que soient les
équations NSW, et méme si I’expérience pratique tend a montrer qu’elles peuvent étre utilisées
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Chapter 1. Introduction

avec succes dans des configurations d’écoulements parfois a la limite de leur domaine de validité,
les équations NSW ne peuvent pas modéliser convenablement les processus observables en zone
de shoaling, juste en amont de la zone de déferlement. Cette limitation est justement lie a la
nature hyperbolique des équations NSW et a la négligence des termes d’ordre u dans le processus
de construction de I’asymptotique. En effet, la prise en compte de ces termes d’ordre u dans les
équations revient a modéliser certains effets de dispersion correspondant, d’une certaine manicre,
a une description implicite (et partielle) de la variabilité verticale de I’écoulement. La dispersion
est un phénomene bien connu en mécanique ondulatoire, correspondant a une situation de propa-
gation d’ondes au sein d’un media ou des longueurs d’onde différentes se propagent a des vitesses
différentes. Ce phénomene joue bien entendu un réle primordial dans I’étude de la propagation en
zone littorale, lorsque la profondeur de 1’écoulement conditionne fortement sa dynamique globale.
En particulier, dans I’étude des vagues au voisinage du déferlement, la dispersion permet de venir
contrebalancer les effets non-linéaires des transformations des ondes de surface, induisant ainsi
un phénomene de déformation caractéristique des vagues (raidissement des vagues) associé a la
diminution de la profondeur, a I’approche du point de déferlement. Ainsi, en un certain sens, la
prise en compte des effets dispersifs dans les équations permets d’étendre le domaine de validité
des équations NSW, depuis la zone de surf jusqu’a la zone de levée.

Ainsi, de nombreuses équations de type shallow-water, non-linéaires et faiblement dispersives ont
été introduites puis étudiées dans la littérature, telles les équations de KdV [151] ou encore de
Boussinesq [24, 131]. Les équations de type Boussinesq ont la particularité de prendre en compte
les termes d’ordre u (¢ < 1) dans la dérivation, tout en introduisant une hypothese de faible non-
linéarité : le parametre € est supposé du méme ordre de grandeur que p, ce qui permet de simplifier
la dérivation et d’obtenir des équations certes plus complexes que NSW, mais toutefois moins
complexes que celles construites sans simplification. Notons également que ces équations peuvent
étre optimisées assez facilement, en introduisant des termes d’un ordre asymptotique négligeable,
mais qui permettent de corriger les propriétés dispersives des équations pour les faire correspondre
avec celles des équations d’Euler sur une plus large gamme de longueur d’onde, voir par exemple
[112, 126]. Mais méme avec de telles optimisations, il a été observé que les équations de type
Boussinesq n’étaient en général pas suffisamment non-linéaires pour permettre une représentation
fidele des profils de vagues au voisinage du déferlement [75]. Ainsi, I’objectif est de construire un
modele qui prenne en compte les effets dispersifs au premier ordre (¢ < 1), sans limiter 1’ordre
de grandeur des non-linéarités modélisées (¢ = O(1)). De telles équations ont été obtenues dans
[147] en 1953 dans le cas 1d, puis dans [74] en 1976 dans le cas 2d. Ces équations, dites de
Serre-Green-Naghdi (SGN), représentent ainsi une étape supplémentaire dans la dérivation d’un
modele adapté a I’océanographie littorale, en supprimant I’ hypothese de faible non-linéarité utilisée
pour dériver Boussinesq. Citons aussi les dérivations proposées dans [152], [117] et [146]. Notons
également qu’une justification mathématique du modele SGN a été faite dans [5].

Enfin, il est important de noter que méme si les équations SGN améliorent considérablement
la modélisation des processus hydrodynamiques littoraux en comparaison avec NSW, il demeure
certaines situations importantes pour lesquelles les équations SGN ne permettent pas de retranscrire
la totalité des processus physiques qui dominent les caractéristiques observables d’un écoulement.
En effet, comme il sera rappelé dans le Chapitre 2, ces équations ont été dérivées avec une hypothese
d’écoulement irrotationnel, c’est a dire sans vorticité, ce qui est cohérent avec une perspective
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1.1. Modélisation

générale d’étude d’écoulements variant peu dans la direction verticale. Il en est, bien entendu, de
méme pour les équations NSW ou de Boussinesq. Cependant, dans certaines circonstances (non
exceptionnelles), les effets rotationnels peuvent Etre importants par rapport aux effets non-linéaires
et/ou dispersifs déja modélisés dans SGN, et deviennent donc non négligeables. C’est, par exemple
le cas lorsque la vorticité est générée par une dissipation anisotrope de 1’énergie due au déferlement
des vagues sur des topographies présentant des variations longitudinales. C’est également le cas
lorsqu’un champ de vorticité (un courant) vient interagir, de fagcon non-linéaire, avec les vagues.
La vorticité est en effet une clé importante pour comprendre les échanges d’énergie contrdlant les
processus physiques au sein de telles interactions. Mentionnons par exemple [72, 121, 130, 155,
156, 174] pour des études et descriptions concernant les interactions entre courants et vagues.
Concernant les modeles, la prise en compte d’une vorticité non nulle, ou au moins de courants
de cisaillements, directement au sein des modeles évoqués précédemment, qui sont intégrés selon
la verticale, est un probleme difficile. Ainsi, plusieurs stratégies visant a décrire la dynamique
verticale d’une onde de gravité a la surface d’un fluide en écoulement de type shallow water ont été
proposées dans la littérature. Elles sont toutes, en quelque sorte, des stratégies "de contournement”
du caractere trop restrictif de I’hypothese théorique d’écoulement irrotationnel par rapport aux
observations. Parmi ces différentes stratégies nous trouvons par exemple: (i) la superposition de
plusieurs modeles shallow water sur la verticale en gérant les zones de contacts (modeles dits multi-
couches, voir par exemple [10, 11, 70]), (ii) des paramétrisation du cisaillement vertical des vitesses
(approche dite "quasi-3d", voir par exemple [133]), (iii) des modeles dits non-hydrostatiques, voir
par exemple [2, 110], (iv) introduction de termes de type tensions de radiation afin de décrire
I’action des courants comme un forgcage sur les vagues (voire par exemple [108]).

Concernant la dérivation de modeles shallow wate prenant en compte la vorticité, mentionnons
[35], ou des modeles de type Boussinesq et GN avec cisaillement uniforme sont obtenus, [87]
pour un modele a vorticité constante, [123, 160] dans le cas 1d, ou la vorticité est responsable de
la présence d’un terme supplémentaire dans I’équation de la quantité de mouvement, couplée a
I’équation de transport de la vorticité, [181] ou un modele SGN avec termes rotationels est dérive,
ou encore [140] pour un modele dispersif généralisant SGN au cas des écoulements a cisaillement.
Dans [92] I’effet d’un courant cisaillé vertical sur une onde scélérate bi-dimensionnelle est étudié
en utilisant une approche basée sur des équations généralisées de Whitham avec un tourbillon
constant, et un modele approximatif de type NSW en présence de tourbillons est ensuite dérivé
dans [91]. Citons également [18] ou un ensemble d’équations non linéaires en eau peu profonde
avec un tourbillon constant est également proposé.

Récemment, une théorie générale est proposée dans [27] avec une généralisation rigoureuse de SGN
en présence de vorticité. Ainsi, la dynamique tri-dimensionnelle d’un écoulement shallow water
avec vorticité peut étre décrite a I’aide d’équations bi-dimensionelles, en utilisant une approche
inspirée de la théorie de la turbulence standard, mais sans avoir besoin de modeles de fermeture,
grace a la nature asymptotique de SGN. Dans [101], le systeme SGN rotationel est en outre étudié
analytiquement pour obtenir des familles de solutions de type ondes solitaires. Ce sont les modeles
SGN avec ou sans vorticité que nous nous proposons d’étudier dans cette these.
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Chapter 1. Introduction

1.2 Discrétisation

La résolution numérique d’EDP est un domaine qui a naturellement connu de tres grands développe-
ments depuis la deuxieme moitié du vingtieéme siecle, suivant 1I’évolution de la puissance de calcul
des ordinateurs. Différentes stratégies de discrétisation ont été introduites au fil des années, en tenant
compte des particularités des différentes familles d’EDP étudiées. Les méthodes de Différences-
Finies (DF) permettent de construire des approximations d’opérateurs diftérentiels sur des maillages
a topologie cartésienne, a partir du développement de Taylor de la solution aux noeuds de la grille
de calcul, qui doit donc étre suffisamment réguliere. Méme si ils sont simples a mettre en oeuvre,
et s’adaptent facilement a des opérateurs différentiels d’ordre élevé, les schémas DF souffrent d’un
certains nombre de limitations inhérentes a 1’ utilisation de grilles cartésiennes et a la nécessité pour
la solution cherchée d’étre tres réguliere. Les méthodes DF sont donc en général peu adaptées aux
problémes impliquant des géométries complexes, ou aux calculs de solutions a faible régularité.
Certaines améliorations ont été proposées, telles que les Différences Finies Généralisées [76] ou
encore |'utilisation de méthodes de type Frontiéres Immergées [120], pour prendre en compte des
géométries de frontieres plus complexes.

Les méthodes de type Elements-Finis (EF) classiques ont connu un tres fort développement

dans les années 50, tout d’abord pour des EDP de nature elliptique ou parabolique, essentiellement
en mécanique des structures et sous I’impulsion d’ingénieurs, avant d’étre étendues a de trés nom-
breux autres domaines d’applications et de voir leurs fondements théoriques solidement établis.
Les ingrédients clés des méthodes EF sont d’une part les propriétés d’interpolation des Elements-
Finis, et d’autre part I’introduction d’un cadre mathématique fonctionnel rigoureux pour étudier la
solution du probleme. Un exposé détaillé des principales méthodes EF peut étre trouvé dans [68].
Les méthodes EF ont aussi été étendues a certains modeles hyperboliques a I’aide de techniques de
stabilisation appropriées, voir par exemple [84]. Parmi les inconvénients identifi€s des méthodes
EF, notons la nécessité d’assembler et d’inverser la matrice de masse, qui est généralement une
matrice pleine dont I’inversion peut €tre coliteuse.
Les méthodes Volumes-Finis (VF) ont d’abord été¢ développées pour des EDP de nature hyper-
bolique, avant d’€tre également étendues a certains probleémes de nature elliptique ou parabolique.
L’idée de base, pour des EDP contenant des termes en V - (), est d’utiliser le théoréme de flux-
divergence pour expliciter les intégrales de volume en intégrales de surface, nommeées flux. Ces flux
sont ensuite évalués aux interfaces entre les volumes finis a 1’aide d’une fonction de flux numérique
approximants. Puisque le flux entrant dans un volume donné est égal au flux sortant du volume
adjacent, de telles méthodes VF sont dites conservatives et donc bien adaptées a la résolution de
lois de conservation. Des exposés détaillés des méthodes VF peuvent étre trouvés dans [105, 158].
Les méthodes EF et VF permettent, en particulier, d’utiliser des maillages non-structurés et méme,
dans certains cas, des maillages généraux (polyedriques). Elles sont donc bien mieux adaptées
que les schémas DF aux traitement de problemes avec des géométries complexes. Par ailleurs, ces
méthodes autorisent le calcul de solutions présentant possiblement une régularité plus faible qu’avec
les méthodes DF, s’appuyant sur des formulations faibles (VF) ou variationnelles (EF). Parmi les
inconvénients souvents mentionnés pour les schémas VF, citons le fait que pour obtenir un ordre
d’approximation élevé sur des solutions régulieres, il est nécessaire d’utiliser de grands stencils, qui
peuvent augmenter le colt de calcul et diminuer la robustesse, et aussi réduire 1’efficacité parallele
de I’algorithme.
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1.2. Discrétisation

Les bases des méthodes de type Discontinuous Galerkin ont €té€ introduites dans les années
70 pour la résolution d’un probléme de transport de neutrons [134]. Plus tard, ces méthodes ont
été largement développées pour de nombreux problemes hyperboliques linéaires et non-linéaires,
voir par exemple [37, 40], mais aussi pour de nombreux problemes elliptiques (essentiellement
linéaires) et méme dispersifs, avec par exemple les méthodes dites Local Discontinuous Galerkin
(LDG) [39, 41], les méthodes Interior Penalty Discontinuous Galerkin (IPDG) qui reposent sur des
conditions de continuité imposées faiblement a la solution ou a ses dérivées a travers les interfaces
[165], [54], [8], [14], [141]. Une analyse unifiée des méthodes DG pour les problemes elliptiques
est également proposée dans [9]. DG a méme été appliquée a des problémes paraboliques, voir par
exemple [86], [67], [65, 66], et plus récemment [113]. Pour les équations de Navier-Stokes com-
pressibles, une extension des méthodes DG a été proposée dans [15] puis d’autres travaux ont suivis.

Cette famille de méthodes possede des caractéristiques communes présentes en partie dans les
méthodes EF et VE. Les méthodes DG peuvent étre considérées comme une approche FV d’ordre
élevé ou la solution approchée est exprimée par un polyndme au lieu de fonctions constantes,
ou comme des méthodes EF supportant des discontinuités dans les espaces de test en ce qu’elle
construit une solution approchée polynomiale par morceaux sur le maillage et discontinue entre
les éléments. Ils utilisent des fonctions de base qui sont des fonctions polynomiales sur 1’élément
mais qui sont discontinues a travers ses frontieres. L’échange d’informations entre deux éléments
s’effectue a travers les interfaces uniquement au moyen de flux numériques, comme pour les
méthodes VF. Chaque cellule est associée a un espace d’approximation local, qui peut étre choisi
indépendamment des cellules voisines. Un exposé détaillé des principaux aspects mathématiques

des méthodes DG peut étre trouvé dans [50].

Les équations shallow water ont fait I’objet de trés nombreuses études numériques, depuis les
équations NSW jusqu’aux équations faiblement dispersives de type Boussinesq et plus récemment
SGN. Au cours des dernieres décennies, il y a eu beaucoup d’intérét pour la construction de formu-
lations discretes des équations NSW a la fois en dimension un et deux de surface. Les équations
NSW ont été étudiées pour des problemes d’océanographie ou d’hydraulique, a I’aide d’un grand
nombre de schémas numériques, a savoir, parmi de nombreuses références, des méthodes DF [28,
109], des méthodes VF [4, 94, 142], des méthodes WENO [125, 161], des méthodes EF [81, 83,
124, 159], des méthodes a Distribution de Résidus (DR) [135] ou encore des méthodes DG [3, 47,
145].

La plupart des travaux se sont concentrés sur I’un des deux aspects suivants : i) construire des
schémas satisfaisant des propriétés de well-balancing pour €tats stationnaires au repos [13, 173]
ou plus généraux [116, 170]. De telles propriétés sont en effet importantes pour pouvoir prendre
en compte avec précision et stabilité les variations de la topographie dans les calculs, ii) préserver
la positivité de la hauteur d’eau lors de 1I’évolution. C’est une propriété de stabilité non-linéaire
trés importante, qui a fait I’objet de nombreuses études pour les diverses méthodes citées plus haut,
voir par exemple [12, 17, 32]. A noter que la construction de schémas VF satisfaisant a la fois
le well-balancing et la positivité de la hauteur d’eau et qui soit d’ordre élevé est un probleme difficile.

La construction de méthodes numériques pour les équations de Boussinesq a également fait
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I’objet de nombreux travaux. Ces équations ont la particularité de faire intervenir des dérivées
partielles d’ordre strictement supérieur a deux, ou bien encore des dérivées croisées temps/espaces,
qui compliquent fortement la résolution numérique. La présence dans ces équations [1, 129]

Les équations SGN apportent encore une nouvelle difficulté en comparaison avec les équations
de Boussinesq: la présence de termes fortement non-linéaires, et une structure analytique globale-
ment plus compliquée, qui s’avere entrainer un colit de calcul globalement plus important que pour
les équations de Boussinesq, a méthodes/maillages équivalents. Les premiers travaux numériques
concernaient des méthodes DF, par exemple [6, 164].

Les méthodes FV ont été également appliquées aux équations SGN, pour nouvelle difficulté
d’approcher numériquement les termes non-linéaires a I’aide d’inconnues constantes par élément.
Une approche VF a par exemple été proposée sur fond plat dans [104], ainsi que des méthodes
hybrides VF/DF dans [21, 36, 132], WENO/DF [29, 97] ou encore VF/EF [90]. L’'idée de tells
approches hybrides consiste a découpler le modele SGN en deux sous modeles: une partie hyper-
bolique, traitée par une méthode VF en s’inspirant de travaux déja développés pour NSW, et une
partie dispersive, contenant les termes d’ordre élevés, qui est trait€é par une méthode plus adaptée.
Des applications de méthodes EF peuvent également étre trouvées, voir par exemple [118, 119,
167].

L’ approximation numérique des équations SGN par des méthodes DG a été considérée récemment.
Les méthodes DG apparaissent comme particulierement adaptées a la discrétisation des équations
SGN. En effet, les méthodes DG offrent un cadre théorique trés général permettant de construire
des espaces d’approximation adaptés a de nombreux types d’opérateurs diftérentiels locaux, dont
des opérateurs d’ordre élevé. Le traitement des opérateurs non-linéaires peut-€tre également effec-
tué par une méthode de collocation, en essayant au besoin de limiter 1’aliasing par les techniques
usuelles utilisée par exemples dans les méthodes spectrales ou éléments-spectraux. De plus, les
méthodes DG sont trés robustes au voisinage des discontinuités et des forts gradients, tout en
permettant d’utiliser des approximations tres précises dans les zones ou la solution est régulicre.
Enfin, les méthodes DG peuvent étre efficacement parallélisées, ce qui est important pour pouvoir
effectuer des simulations a des échelles réalistes (passage a 1’échelle).

C’est dans cette optique qu’une premiere stratégie de discrétisation DG/LDG a été proposée d’abord
dans le cas 1d[62] puis en 2d dans [59]. Le traitement de la partie elliptique a ensuite été amélioré
dans [51] avec une reformulation des équations permettant d’utiliser une méthode Symmetric Inte-
rior Penalty (SIP), qui meéne a une matrice globale symétrique pour la partie elliptique des équations.
Toutefois, mé€me si cette derniere approche est plus performante et robuste, elle souffre toutefois
encore d’une importante limitation: il ne parait pas possible de prouver la coercivité de la forme
bilinéaire discrete introduite dans [S1]. Et en effet, il est possible d’exhiber des cas test manufac-
turés ou la matrice résultant de cette discrétisation est singulicre.

C’est donc dans cette perspective que ce situe la premiere partie des travaux présentés dans cette
these de doctorat. Présentée au Chapitre 4 de ce manuscript, I’objectif de cette premiere partie
est d’introduire et étudier théoriquement une nouvelle forme bilinéaire symétrique pour équations
SGN, permettant de lever cette derniere limitation. Une présentation synthétique de ces travaux est
fournie au Chapitre 3.

Enfin, il existe tres peu de travaux numériques concernant les modeles SGN prenant en compte
la vorticité. Une approche hybride WENO-DF a été utilisée dans [98] pour simuler la propagation
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d’ondes solitaires. Un modele SGN "étendu" en rapport avec celui étudi€ ici est introduit et
utilisé dans [89] en 1d puis dans [137] en 2d. Dans ce modele, une équation additionnelle sur
I’évolution de I’enstrophie e, mais avec des termes sources additionnels qui sont paramétrisés,
est ajoutée aux modele SGN, afin de modéliser le déferlement et la génération de vorticité. Les
méthodes numériques utilisées sont toutefois une extension directe de [59], sans analyse théorique
supplémentaires des schémas.

Cette direction de recherche fait donc 1’objet de la deuxieme partie des travaux présentés dans ce
manuscript, avec la construction d’une formulation discréte DG pour les équations SGN a vorticité
générale de [25]. Une présentation des principales propriétés de cette nouvelle méthode est fournie
dans le Chapitre 3, alors que I’article correspondant est placé dans le Chapitre 5.
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Chapter 2

Derivations and Notations

This Chapter is organized as follows. In §2.1, we detail the derivation of various asymptotic shallow
water equations from the free surface Euler equations. In §2.1.1 we derive the vertically averaged
free surfce Euler equations. In §2.1.2, we aim to derive most known shallow water models, namely,
NSW equations, Boussinesq equations, SGN equations in irrotational flows. In §2.1.3, we take
non-zero vorticity to derive the SGN equations with constant vorticity in §2.1.3.1, and the SGN
equations with general vorticity in §2.1.3.2. We present in §2.1.4, the solitary wave exact solution
of SGN equations in presence of vorticity. §2.2 is devoted to the mathematical and numerical
analysis of basic elliptic and hyperbolic problems, we introduce the main ingredients needed in the
following Chapters.

2.1 Derivation of shallow water models

In this section, we detail the derivation of various shallow water asymptotics from the Euler
equations with free surface and the classical irrotational flow assumption. The derivation process
is mostly reproduced from [25], with an emphasize put on the 1d case and a more comprehensive
presentation of all the computation details, which are generally skipped in [25] for the sake of
simplicity. This is also the opportunity to introduce the notations used within all this manuscript.

2.1.1 Vertically averaged free surface Euler equations

Let x,z, and ¢ denote, respectively, the horizontal, vertical, and time coordinates. Denoting by
{(t, x) the free surface elevation with respect to its rest state, by —Hy + b(x) a parametrization of the
bottom’s variations, by H(t, x) := Hy+ {(t,x)—b(x) the water depth, and by n(z, x) := H(t, x)+ b(x)
the total free surface elevation. The fluid domain is defined as,

Q; = {(x,2) € R¥™ —Hy + b(x) < z < £(t,x)}. 2.1)

We denote by U(t,x,z) € R**! the velocity of the fluid, and by v(z,x,z) € RY and w(t, x,z) its
horizontal and vertical component respectively, with ¥ the vertically averaged horizontal component
of v. We write P(t,x,z) € R for the pressure at the point (x,z) € €, the acceleration of gravity
is denoted by —ge,, when g > 0 and e, is the unit upward vector in the vertical direction and
the density of the fluid is written p. In an incompressible, homogeneous, irrotational and inviscid
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fluid under the influence of gravity, the propagation of surface waves is governed by the Euler
equations with nonlinear boundary conditions at the surface and at the bottom. The free surface
Euler equations can be written as follows,

osU+U -V, U= —%VX,ZP —ge, in €, (2.2a)
Vi:-U=0 in Q, (2.2b)
Ve.xU=0 in Q, (2.2¢)
0/ -Uy-N=0 on {z=/{(tx)} (2.2d)
P =Pym=cst on {z=/{(x)}, (2.2e)
Ul_siyip - No = 0, (2.2)
with
U, =U(t,x.{(t,.x)) and N =(-0,4.1), (2.3a)
Uj_y+p = U(t,x,—Ho + b) and N, = (—d,b, 1)". (2.3b)

We emphasize that (2.2¢) is the irrotationality condition, which is fundamental in the proposed
derivation, and which will be removed in §2.1.3. The difficulty of solving the system (2.2a)-(2.2f)
appears in the fact that the fluid domain is time-varying with a kinematic boundary at the surface.
To deal with this issue, several equivalent formulations were proposed in the literature, such as
a Lagrangian formulation in [42] or Zakharov’s Hamiltonian formulation [176]. We aim in this
chapter to detail a derivation process that starts directly from (2.2a)-(2.2f) with a vertical integration.

From now on, we set d = 1. To reformulate the free surface Euler equations in elevation-velocity
form, one starts with denoting that any function u(z,.) defined in the fluid domain Q; may be
decomposed as an vertically averaged component & and a zero mean component u*, as follows,

u(t,x,z) = u(t,x) + u*(t, x, 2), (2.4)
with,
1 [ ¢
ut,x) = — / u(t,x,z)dz, u*(t,x,z) = u(t,x,z) —u(t,x) and / u'=0. (2.5
H —H()+b —H()+b
‘We have thus,
v(t,x,z) = (8, x) + v(t, x,2), (2.6)
with ¥(z, x) and v*(t, x, z) are defined as in (2.5). We also recall the Leibniz integration formula,
t(x) u(x) oL P
/ oyu(t,x,z)dz = (9x/ u(t,x,z)dz — u,— + u|g—g. 2.7
s(x) s(x) dx dx

Integrating vertically (2.2b), one gets
¢

Wi = W|—Hy+b = —(9x/ vdz + |y 0xd — V|—Hy+0xb,
—Hy+b
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and using the boundary conditions (2.2d)-(2.2f) and (2.6), we obtain the mass conservation equation

Vertically averaging the horizontal component of (2.2a), one obtains

¢ ¢ ¢ 1 ¢
/ orvdz +/ voyvdz + / wo,vdz = ——/ 0, Pdz.
—Hy+b —Hy+b —Hy+b P J-Hy+b

Then, we look at each term separately

¢ ¢
/ ovdz = (9;/ vdz — vz 0:{ + V|_Hy+0: b,
—Hy+b —Hy+b
= at(H\j) - V|§5,§,
integrating by part and using the incompressible condition (2.2b), one obtains

4 c ¢
/ wo,vdz = [wv]’_HOer —/ vo,wdz,
—~Hy+b —Ho+b

re
= [wv]* Ho [ vo,vdz,

Hy+b
Z
= WigV|z — W|—Hy+bV|-Ho+b T / voyvdz,
—Hyp+b
from (2.2d)-(2.2f), one obtains
4 5 5 4
/ wo vdz = v 0, + v|§8x§ - V|—H0+baxb + / voyvdz,
—H()+b —H()+b

plugging (2.10) and (2.11) in (2.9), one deduces
¢ 2 2 1
0(HV) + 2/ Vo,V + vMﬁx{ - V|—H0+baxb + — / 0,Pdz =0,
—Hy+b p —Hyp+b
using (2.7), we get
4 ¢ ¢
2/ vo,v = / dy(v?)dz = 8x(/ vzdz) - véﬁxg + v|2_H0+b8xb.
—H()+b —H()+b —H()+b

Replacing (2.13) in (2.12), one obtains

{a,g + 0y (H7) = 0,

at(Hv)mx( C VgLt g Pdz=0.

—Hy+b ; —Hy+b

(2.8)

2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

Using (2.6), and making use of the assumption that the vertical average of v* vanishes, we can

therefore write

¢ ¢
/ vidz = HV” + R with R::/ v
—Hy+b —Hy+b

(2.15)
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For the last term of (2.14), integrating the vertical component of the free surface Euler equations
(2.2a), and using (2.2e), one readily gets

¢
P:Patm+pg(§_z)+/ P, (216)
z

where c
P, = p/ (&w +vo,w + wazw). 2.17)
Z

Plugging (2.15)-(2.16) in (2.14), we get the vertically averaged Euler equations

- (2.18)

{atg +0,(Hv) =0,
E —H0+b (9xPnh = 0

_ - 4 *
8,(H?) + 0x(Hv?) + gHOL + ax( o IV |2) +
From now, our goal is to express the two last terms in the second equations of (2.18), respectively
called in the following Reynolds-like tensor and non-hydrostatic pressure component defined in
(2.17), in terms of £ and v, through asymptotic expansions under the shallow water assumption.

The next step is to introduce nondimensionalized equations, relying on the two parameters u and
€ defined in the Introduction section. Let also introduce a typical amplitude apo of the bottom
variations, and the associated dimensionless parameter fo the topography variations

Abott

Bi= (2.19)

Dimensionless variables are introduced as follows,

= b
£ b=,
a Abott
~ 4 - w - t ~ P

V= , W=e——+-—7-—  [i=—— : .
a~/g/Hy ad/Ho+[g/H A/NgHo p&Ho

We focus in the following on the shallow water regime (u < 1). Within this regime, various
sub-regimes can be identified depending on the assumptions made on the nonlinearity parameter &:
small amplitude regime (¢ < 1) and large amplitude regime (¢ = O(1)), the topography parameter
f: small amplitude bottom variations (8 < 1) and large amplitude (8 = O(1)). The shallow water
scaling corresponds to the configuration where the wave length A of the flow is large compared
to the typical depth Hy. Dropping the ~, the system (2.2a)-(2.2c) can be written in dimensionless
form as follows,

1
GUA+ ZUF . VE UM = —Z (VA P+e) inQ
u e

VAU =0 inQ, (2:20)

Vﬁéz xU* =0 in Qy,
where U is the nondimensionalized velocity and €, now stands for the dimensionless fluid domain,

defined as
Q, = {(x,z) e R, —14+b(x) < z < l(t,x)}.
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Dimensionless form of the boundary conditions at the surface is given by,
ol +0c(HV) =0 and Py =0.

At the bottom,
u Ho_
U|—l+ﬁb . Nﬁb =0,

with,

Ut gp(t:%) = UF(,x, =1+ Bb)  and  N%, = (=s/b,0,1)".

Dimensionless version of H and v are given by,
1 [e
H(t,x) =1+¢&l(t,x) — Bb(x), V(t,x)= ﬁ/ v(t, x,z2)dz,

1+8b

dimensionless form of the horizontal velocity is defined by,
v(t, x,z) = V(t, x) + pv*(t, x, 2),

and dimensionless averaged Euler equations are written as,

0 + 0x(HV) =0,
{0,(H\7) + 0 (H) + HO L + spde( [, MIEEETYA ‘jﬂ o 0 Pui = 0,
with,
Py s
P, = p/Z (0w +vow + ;w@zw).

2.1.2 Irrotational flows

Let begin with irrotational flows: the effect of vorticity are neglected.

Asymptotic expansion of the velocity field

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

We can describe the asymptotic expansion of the velocity through the incompressibility and irro-

tationality conditions, given in the dimensionless form by,

uoyv + o,w =0,
VOV — \Judw = 0,
W-1+86 = HBOxV|-14pp = 0.

Replacing (2.24) into (2.27), with v = 0, we obtain
udv + 1220w + d.w = 0,
HO V" —fudw =0,

W|-148b — ﬂﬁaxb(‘_’|—1+ﬂb + ‘/ﬁvr—Hﬁb) = 0.

(2.27)

(2.282)

(2.28b)
(2.28c¢)
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Chapter 2. Derivations and Notations

Integrating (2.28a) over the vertical and using (2.7), we get

Z Z Z
/ d.w = —u / A — 1? / AV,
—1+8b ~1+Bb -1+pb

z z
w = _/Jax/ V- ,u3/28x / v — ﬂﬁaxb(‘_)|—l+ﬁb + \/ﬁvr—l+ﬁb) + W|—1+8b»
-1+8b -1+8b

from (2.28¢), yields

W= —ud, [(1 +z- ,Bb)f/] _ AP, / V. (2.29)
-1+8b

Replacing (2.29) in (2.28b), and integrating over the vertical, yields

Vo= —— w+v .,
VA S, O e
1 /84 *
oL o). (2.30)
wl) o)

v =il [ F 10+ - poitaz) + u / Yo ;ﬁb v

Introducing the operators T, Bb] and T*[&Z, Bb] as follows,

Tlel, Bblw = / * 0? / : " w and T*[el,Bblw = (T[&<, Bb]w)". (2.31)
z -1+
Hence, (2.30) can be given as follows,
(1 — uT"[ed, Bb)v" = \JuT"[eL, pb]V. (2.32)
One can compute,
T*[eZ, Bb]V = —%((1 +z — Bb)* - H;)aﬁv +B(z—el + %H) 0ybd v + 0,(0:bV)|.  (2.33)
Applying (1 + uT*) to (2.32) and using (2.33), one obtains

v = VAT [, Bb]7 + O(1),
e 2 . (2.34)
V= T((l + 27— ﬁb)z - ?)a)%lj’ + \/ﬁﬁ(Z &l + EI'I)[axbax‘7 + ax(axbv)]

From (2.24),(2.29) and (2.34), one deduces the approximations for the horizontal and vertical
velocity fields up to O(u?) terms,

2
v=7- M%(a + 7 - Bb)* - H?)afv +uB(z — el + %H)[éxbax\'z + 0 (0:bV)] + O(1?), (2.35a)

w = —udy[(1 + z — Bb)¥] + O(u?). (2.35b)

24



2.1. Derivation of shallow water models

Computation of the Reynolds-like tensor contribution
From the definitions (2.15) and using (2.34), one deduces under the dimensionless variables,

el &l
o R=eudy [ WPl [ (Tlecpl) =06 (236)
-1+8b -1+8b

Thus, one observes that the contribution of Reynolds tensor is above the overall O(u?) precision of
the models in irrotational case and can therefore be neglected.

2.1.2.1 NSW equations

Owing to (2.35a) and (2.35b), we get the approximations for horizontal and vertical velocity up to
O(u), as follows

v=v+0(u) and w=0(w). (2.37)

From the definitions (2.26) and (2.37), one deduces

1 [
! / 8Py = O(11). (2.38)
€ J-1+pb

Plugging (2.36) and (2.38) into (2.25), with dropping the O(u) terms one obtains the NSW equations
in nondimensionalized form,

{@g+@aﬁ):a 239

0,(HV) + £0(HV?) + Hd,{ = 0.

2.1.2.2 The Boussinesq equations

Deriving the Boussinesq equations required keeping the terms of order y, together with an additional
assumptions, namely an assumption of weak nonlinearity, that stands for a smallness condition on
g, and a smallness assumption on the topography variations,

e=0(u) and B=0(w). (2.40)

Note that based on the above assumptions one can observe that terms of size O(gu) and O(Bu)
can be regarded as O(u?), so they are dropped. Using (2.35a)-(2.35b) with (2.40), one obtains the
approximations for horizontal velocity up to O(u) and vertical velocity up to O(u?), as follows

v=v+0(u) and w=—ud[(l+2)¥]+O0(>). (2.41)
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Chapter 2. Derivations and Notations

Using (2.41) with (2.26) and (2.40), we get

1 el el 8{ &
—/ 0Py = / Ox/ oW + evo,w + —w@zw),
€ J-1+pb —1+b
— 4 / / 8101 + 29)
1+ﬁb

— e / l‘wbax /Z 50,(0,((1 + 2)P)) (2.42)
&l
reu / / B((1 + 2P)3:0,((1 + 2)7),
1+ﬁb z

&
- / 0. [ 001+ ) + 02,
1+8b z

one computes,

L / f;bax /z " o (0u((1 + 7)) = —u / f;bax / “a (1 +20.7),
I / o / (1+20.(07)).

[ alaan (- 05)

&l
u / (a,(a (a,v))H_2 OBV HILH + 0.(9,(8,7) Z)2),
—1+pb

l{3
~0:(0:(07) = - 0.(0,7)H?0,. H,

thus,

el 174
[ o [ e am) = 580w + 04, .44
-1+pb Z

Plugging this relation in (2.25) and dropping the O(u?) terms, one obtains the Boussinesq equations,

{a,g + 8.(H7) = 0, 2.45)

(1 =500, + 00,7 + HO = 0.

We observe that, when compared with the NSW equations, the Boussinesq equations differs through
the occurrence of a second order linear operator acting on the time derivative of the velocity, in the
momentum conservation equation.

2.1.2.3 The Serre-Green-Naghdi equations

If one wants to focus on fully nonlinear flows, and remove the weak nonlinearity assumption made
to derive the Boussinesq equations, we need to compute again the pressure term contributions.
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2.1. Derivation of shallow water models

From (2.35a) and (2.35b), we obtain the approximation for the horizontal velocity up to O(u) and
for vertical velocity up to O(u?) as follows,

v(t,x,z) = v(t,x) + O(u), wi(t,x,z) =—ud[(1+z-pBb)yv]+ O(,uz). (2.46)

From (2.26) and (2.46), we have

1 el 74 &l e
—/ 0xPyup :/ (9x/ 6tw+sv6xw+—w62w),
€ J-1+pb 1+ﬁb
- / / O/(~prl(1 + 2  BB)¥)
1+ﬁb

/ o / 67 ,(~ul(1 + 2 - BH)T])

e / / (14 2 — Bb)10,(—udx[(1 + 2 — Bb)7).
1+8b z

(2.47)

Let compute each term explicitly,

First term - We have,

174 174
/ Bew = / ( — u(l + 7 - Bb)O,(8,7) + ,u,Baxbatfz)dz,
Z Z

H?> (1 +z-pBb)?

= — b, (0tv)(— - f) + uBo b (el - 2),

moreover,

14
o, / 8w = (/1,86%[96,17 + ,uﬁ@xbc’ix(at\?))(sg ~ ) + uBAbO, O H
Z

H2
+ UFAO:bY' 0, = pO9x(07)) = — OO 7)HOH

(1+z—pb)?
2

+ 10x(0,(0,V)) — uf0:b0(0;v)(1 + z — Bb).

Finally, after straightforward computations we get

/ / dw = ——a (H0:(8,7))
1+6b (2.48)
+ 7 [ax(HZaxbatv) - Hzaxbax(a,v)] + uHB(0,b)20;v.

Second term - We have,

& H?> (1+z-pb)?
POw = —euvdiv | — - ——————
/Z EVOxW ey xv( 3 ) )

+ (28y,86xb\78x\7 + Sﬂﬁ(’)}%bﬁz)(é‘{ - 2),
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Chapter 2. Derivations and Notations

moreover,
14
Ay / gV W = (2euBA b0,V + euBI*bi*)ed, L
Z

+ (28ﬂﬂ5xb(8x\7)2 + 28,uﬁ6xb\7(9f\7 + 48/1[38%[?\7(9)6\7 + syﬁ@ib\'zz)(sg -2)

H?> (1 +z-pBb)?
2 2
hence, using the fact that €0, = 0,H + 0,b, we get

— (epvd3 + suaxvafv)( ) — eupd25[HOH + Boyb(1 + z — Bb)],

&l 74 H3 H?
/ 8x/ VoW = —8/1\78;\7— - 8/1178)%\7H26XH - ,u@xfzaff/—
“148b  Jz 3 3

H2
+ 2H e uBO2bv0 T + 2e B0, b0, HOH + 261 (0,b) 58,7 H + sy,ea;bvz? (2.49)

HZ
+ s,u,b’axb\‘/@f\‘/7 + euBO bV HOH + B2 1ud*bo, bv*H + sBuH?(9,7)*d,b.

Third term - We have,

74 H2 1 _ 2
/ wow = gﬂ(ax‘_’)2(_ - M) — epfo,bvav(el — z),
z 2 2
moreover,

el H2
ax/ wo,w = gyax((axv)2)7 + ep(0,0) HOLH — e (0:b)* 0, v
Zz

+ epBcb(0:)*(1 + z — Bb) — euBOb(D:7) (e — 2) — euBdbVO VO H

1 +z - fBb)?
- suﬂaxbﬁaf\?(sf -7)— syﬁafbﬁaxﬁ(ag’ -z)— suax((ﬁxv)z)%,
using the fact that €0,¢ = 0,H + B0,b, we infer
el 74 H3
/ 8x/ wo,w = gpax((ax\_/)z)? + ep(0,7)* H* 0 H
-1+8b Z
H? H? H?
+ s,u,Bﬁxb(@x\_/)z? — s,uﬁaxb((')x\_/)z? - suﬂﬁxbﬁﬁf\'zj (2.50)
2 3

H H
- guﬁagbvava — euBA b0 THOH — e uHPB*(0,b)* 9,7 — gyax((axv)z)?,

regrouping the above calculations (2.48)-(2.50) and after some computations, we finally get
é / f:b Oy Puy = UT[H, Bb][0,(HV) + £0,(HV)] + epHQ: [H, Bb](¥). (2.51)
~1+
So that the resulting SGN equations read as follows,
{atg + 8,(Hv) = 0,

_ _ _ (2.52)
(1 + uT[H, Bb))[3,(HY) + £0:(H??)] + HO{ + epHQu[H, Bb](7) = 0,
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2.1. Derivation of shallow water models

where the linear operator T[H, 8b]- and the quadratic form Q[H, 8b](-) are defined for all smooth
enough scalar-valued functions u by,

T[H, Bblu = HT[H, Bb]%, (2.53)
1
T[H,Bblu = —3—H(9X(H30xu) + % Ay(H?0,bu) — H*d,bou | + B*(0xb) u, (2.54)
2
Qi[H, Bb)(u) = 3—H6X(H3(6xu)2) + BH(0,u)*d:b + %ax(quzafb) + B2u*9.:bd%*b.  (2.55)
Note that these operators may be also expressed as follows,
Qi[H, Bb)(u) := —2R\[H, BbI((:u)) + BRa[H, BbI(u> D7), (2.57)
with,
R1[H, Bb] ~——ia (H? )—E,B O R,[H, Bblu = Ly (H?u) + Budyb
1 R u .= 3Hx u 2l/lx, 2 . I/t.—2Hx u UuoxD.

2.1.3 Rotational flows

We turn on considering the case of non-zero vorticity and derive the corresponding SGN-like
equations. Starting again from the free surface Euler equations, condition (2.2¢) is now replaced
by,

curl U = w, (2.58)

which gives in nondimensionalized form,

1
—=(0,y -0
curl! Ur = pw,,  with @, = [W( < ’“W)] . (2.59)
_axv

Also, system (2.20) has now to be supplemented with the vorticity evolution equation,

dwy+ ZUF -V w, = 2w, - VUK, (2.60)
H H
where,

U* = (vuv,0,w)"  and V%, = (vd,,0,8,)". (2.61)

Note also that the Reynolds-like tensor (which turns out to be a scalar number when d = 1) can no
longer be neglected within the asymptotic expansion’s accuracy.

Asymptotic expansion of the velocity field

Proceeding as in the irrotational case, the relations (2.27) can be written as,

,u(?xv + GZW = 09
VHOY — \JHOW = puw  p, (2.62)
6xV =Wy, |

W-1+86 = HBOxV|-14pp = 0.
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Chapter 2. Derivations and Notations

Plugging (2.24) into (2.62), one deduces
udv + (132 + 0.w =0,
VHOV = AJUOW = pw yp,
OV + \JUO V" = w,y,
Wi-1+8b = HBOD(V-11pp + VIV, 5) = O,

where w,; and w,, denotes respectively the horizontal and vertical components of the vorticity
w . The first and the third equations of (2.63), give

(2.63)

w = —udi[(1 + z — Bb)v] — 1?0, / vr. (2.64)
-1+8b

Integrating vertically the second equation of (2.63) with (2.64), yields

V= _#(/jﬁ axw)* ~ (/:( wﬂ’h)*,
V= \/ﬁ( /84 (1 +7 —ﬁb)\‘/]dz’)* + ﬂ('/;{ 02 /_.1:% v*)* + (— /:4 a)'u,h)*.

Z

(2.65)

Introducing the operators T[el, Sb] and T*[e{, Bb] as in (2.31), together with the vertically depen-
dent component of the shear velocity,
14 *
v =-( / Oun) (2.66)
Z

expression (2.65) can be given under the form,

(1 — uT*[ed, BbI)V" = v, + uT"[el, Bb]V. (2.67)

Applying (1 + uT*[el, Bb]) to (2.67), yields
v =vy + VUT [, Bb]V + uT"[ef, Bb]vy, + O(,u%). (2.68)

Finally, using (2.64) and (2.68), we obtain
vV=Vv+ \/ﬁv:h + O(/,l), (2.69a)
v =V + vy + uT*[el, Bb]V + M%T*[sg’,ﬁb]v:h + O, (2.69b)
Z
w = —ud,[(1 +z - Bb)v] — u%ax/ v, + o\?). (2.69¢)
-1+8b

We also remark that the Reynolds-like tensor in the presence of vorticity may now be decomposed
as follows,

1 el el
R=FE+ —/ vV =v)(vT+vy) with E = / (v:h)z. (2.70)
2 J 14 —1+8b
Owing to (2.68) and dropping O(u?) terms, one deduces
el el
eud R = gud, / |v:h|2 + 28p%6x / v, T*[ed, Bb]v. (2.71)
-1+8b -1+8b

Now, one can proceed to the derivation of SGN-like models in the presence of vorticity. We
distinguish two situations: the case of a constant vorticity, and the case of a general vorticity.
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2.1. Derivation of shallow water models

2.1.3.1 SGN equations with constant vorticity

Assuming that the vorticity is constant, we have w, = (0,w,0)" with w = 9,v* — d,w = cst. We
obtain the following expressions respectively for the shear velocity and the vertical velocity,

. 14 * 1
Veh = —( / w) =-((e{-2) - sH)w, (2.72a)

3

w = —pdu((1+ 2= b)7) + o200 - )+ 1 - ). (2:72b)

Computation of the Reynolds-like tensor contribution

Replacing (2.68) and (2.72a) in (2.70), and dropping the O(u?), the Reynolds-like tensor contribu-
tion can be formulated in terms of ¢ and v as follows,

&l 24

|v:h|2 + 28/1%0x / v Tled, Bb]Y,

euoR = s,u@x/ .
-1+

—1+p8b

el 1
- opw?o, / (¢ - 2) = 5 HY
—-1+Bb

3 el el
“2epdon, [ (e-a-3m) [ a7 - g

1+8b
2 _ pp\2
Z _(1+Z2 - ))

(2.73)

_EH - 3 2=
= Lo )+8xv(

3 8§
— 22 W0, / ((e¢—2)- %H)((—,B@%bf} —2B0,b0,v)(el - z2),
-1+8b

= %w2ax(H3) — %wax [H3(H(9)%_ — 2ﬁ\7(9§b - 4ﬁax‘75xb)] )

Computation of the pressure contribution

Using (2.26), (2.69b), (2.72a) and (2.72b), the contribution of the pressure to (2.18) can be
formulated depending only on the variables { and v.

1 el el 74 &
—/ OxPpp = / (9x/ ((9,w + evow + —wﬁzw)
€ J-1+pb —-1+8b z M
el el
= [ o[ (- wou - pow)
—1+8b Z

+ / f;b o, / * £v0,( - o (1 + 2~ oY)

; i( = 101+ 2 = b)) = pO((1 + 2= BB)7)) + 0 + O(k2),
= (T[H. pb1[8,(HT) + £0,(H?)| + peHQi[H. b)) + o + O(1),

(2.74)
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where,

0= N Ox /8{ c?z(ﬂ%Tw@x((SZ -2)(1+2z- ,Bb)))
© o [ (evmancna < o)
o, / * gvax(’“‘%T‘”ax((sg — )z +1- ,Bb)))

74 %
o [ 0ed - 1+ 2= o0, - uon((1+ 2= p)

[S][9%}

w
2

14
o [ e(= 01+ 2 o). 20 - 01 + 2 - o).

el 174
:/ ax (Ql+"'+Q5)'

Let compute each term explicitly,

First term - We have,

74 % el
/ 0, = 'uzw / ((1 + 2z - Bb)o(0:H) - Sﬁaxbatg),

3
_Hw
)

H>  (1+z-pb)

(0ut@ut) (T - ) - BoubaiH(s¢ - 2)),

then,

Ox / Q=" (é‘x(c’)‘x(éuH))—2 + 0.(0,H)HOH
Z

(1+z-Bb)*
2
— (BO2bO,H + BO.bO O H))(&L - 2) - BObOHOH — (BObYOH).

- ax(ax(atfl)) + ax(atH)ﬁaxb(l +2Z- ﬁb)

Finally we get the expression of the first term,

3

.94' gé’ 3 3 2
/ o, / o = 25 0. 0HYH - 22 BobHoHOH - P22 (B0, b) HOH
g 5, 6 2 2

3 3 3

+ WTwax(G,H)HzaxH - “iT”,Baﬁsza,H - “iT‘“ﬁaxbax(a,H)Hz.
Second term - We have,
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2.1. Derivation of shallow water models

el &l 3
/ 0, = / gu? ((’)f{(l + 7 — Bb) —2e0,{B0:b — ,8(9?17(8{ - Z)),

2 _ 2
_ /1%(8\182{(% _ M) _(2gvax§ﬂaxb+ﬁ82b‘(8{ ))( el — ))
moreover,
74 3
0 [ o0 = et 002 HO,H + o1+ 2~ )
2 _ 2
+ (8/.12(9 vo §+8u2v63§)(H M)
(e¢ - 2)?

~2u398%(9x)°Boub — 3 (BILLY + POTbd )

— 28012 (3x 0L BOsb + FI2LBOcD + 95 BOXb + BIZbALT) (el — 2).

Integrationg over z, we obtain the expression of the second term

3
/ / 0, = 6(9 v@zg“— + sv63{—
1+8b

H3
- Eavazg“ﬁ@ bH?* - 385 (VBO*bH? — BO? by

H3
— 2067002 B0rbH + 703 H 0, H = othoT— — aXVEaxgﬁabuz).

Third term - We have,

Pore 74 1
/ 0, = / ((1 + 2= b=~ SH)(BOZbT + 240,507 — (1+ 2 - ﬁb)afv)),

(H2 (1+Z—ﬁb—%H)2)

+ 8% ( ( +z—ﬁb)2) + (BO2bT + 20,b,7) .

b

then,

+ (BO2bV + 3B0%bO v + 2B bA*V)

Hz (1+z—ﬁb—%H)
(5 )
T (BO2bT + 2,bd; v)( 2 o.H + (Bob + ;a H)Y(1 + 7z - Bb - —))

_ a)%\‘/(TaxH + BOLb(1 + 7 — Bb)* + ZaxHu +z - by’ - gﬁﬁxb(l +2- ﬁb))’
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thus,

* ° : H 2
/ 5x/ 0, = s,ufw(wagj’bv +3B02b V) — + — B0 bO*VH?
—1+8b z 12 12
4 3 3

H? _ _ H _H H
+ 0 H(BOIDY + 280,b0,V) — v~ 02050, H + ﬁaxbﬁ)),

Fourth term - We have,

3
MW

el 74
/ 0, = / ( —£0,(0v(z+ 1 = Bb) + BO,b0,V(el — Z)),

2

3
_Ellw _(H*> (1 +z-pb)?
S RO o s R

)

2
&l — 2
(?xv( 4 . ) )
moreover,

& ei3w
Z

H?> (1+z-pb)?
2 2 )

(e 5 D 1 Boubo,780,0)(eC - 2).

(0200, + gaxga)%v)(

+ ((B0%b0,v + B0, bO*T)

Finally we obtain the expression of fourth term,

3
p H? H? H?
+ 2K 2‘”( ~ 80,02 = £0LL0,TH 0, H + BOIbOT— + ﬁaxbaf-?).

Fifth term - We have,

el %
/ Os = %((ﬁaxb‘_’sax{ + (ﬁﬁxb)zﬁ)(a‘{ - 2)

H? (21 —ﬁb)z))’

— (BO,bA., + saxgaxv)(7 :

again,

2
+ (BOxb)*0:V)(8L — 2) + POLbVE™(0xL) + (BO:b) Ve, L
+ (BO*b1Ed L + OO, VEDL + BObVEdL + 2B20,bO> by

2 _ap2
7 -Geizmh)

& 8[1%(,0
Oy / 05 = ( — (BO DOV + €0, L0xV)(HOIH + Bdb(z + 1 — Bb))
Z

- (5a§baxv + BODBO + 0200, + eaxgafv)(
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2.1. Derivation of shallow water models

then,

& & 8ﬂ%w 2 2
/ Oy / 05 = > (BO;bVED L + £0;L0,V)
-1+8b z

3

2 Hz

“© ((BB,bO, 70, + BObTsd>L + 2820, bD2bv + —(BD,b)2D,7)
8“2 x xVE S

+ H[BOb7&*(0:0)* + (B0:b)* T8, L] — [BOZbA T + BAbAZY

H? H?
+ 80, OTF) = = (P00, + 80, 0,7)(H?0,H + po,b— ))

Using the fact that 6, + ved{ = pvo,b— HO,v and collecting the above computations, we get the
contribution of the pressure term as follows,

1 %
° / OcPun = uT[H, Bb][8;(HV) + e0x(HV?)] + euHQ\[H, Bb](¥)
—-1+Bb
3 3
— S CHTH, Bb)(B70,b — HOLT) - o520 (0 + 61 0:00,) (279

3
+ BES(0H?,5(HO2b = 60.£0:b) + 3PHTAD(HOT +20.50,0)].

Gathering the expression of Reynolds-like tensor (2.73) and the contribution of the pressure (2.75),
we obtain

el 1 &l
sud, / WP+ L / 8P = WTLH, BB[6,(HP) + 80, (H)] + suHQu [H, Bb1(7)
—1+pb € J-1+pb

+ eud E — eu? HC[H](v*, %) + eBu2 HC,[H](VF, 7).

Replacing these terms into (2.25) and denoting v = Hw, we obtain the SGN equations with
constant vorticity in one-dimensional framework as follows,

¢+ 0x(HV) =0,
(1 + uT[H, Bb))[0;(HV) + 0, (HV?)] + HO{ + euHQ [H, Bb](V) + eudE (2.76)
+8,u3/2HC[H](v#, V) + 8,8u3/2HCb[H](v#, v) =0,

where:

1. the linear operator T[H, 8b]- and the quadratic form Q;[H, 8b](-) are defined as in (2.54)-
(2.55),

2. the second order term E = 11—2H 3w? can be calculated easily, since w = cst,

3. the nonlinear interactions between the vertical dependence of the velocity field and the
vertical dependence coming from the dispersive effects lead to the term HC[H](v¥,¥), which
is defined as follows,

1
HC[H](V,p) = —gax(zH%#agv + O (H> Vo), (2.77)
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4. the last term appearing in the momentum equations of (2.76) is defined as,

1
HC,[H](V*,7) = 3 (0,(H*v*02b¥) + H*v* 92b0, 7). (2.78)

Assuming an additional smallness assumption on the topography, such that £8u3/? = O(u?), one
can neglect this last term and the model (2.76) becomes,

0/{ + 0,(HV) =0,

(1 + uT[H, Bb))[0;(HP) + 0, (HV?)] + HO{ + euHQ [H, Bb](V) + eudE (2.79)
+e 3P HCH] (V%) = 0.

This model is numerically studied in Chapter 5, together with the model with general vorticity
derived in the next subsection.

2.1.3.2 SGN equations with a general vorticity

In the presence of a non-constant vorticity, the situation is of course more complicated. According
to [27], looking for a closure equation for E, leads to a cascade of equations involving interaction
terms of increasing orders. Keeping only those orders below the overall O(u?) precision of
the model allows to obtain a closed form without introducing additional turbulence models. In
order to simplify the computations, we consider the previous medium amplitude bottom variations
assumption,

B = O(h). (2.30)

Computation of the Reynolds-like tensor contribution

Proceeding as for (2.73) with dropping O(u?) terms, we have

o *(2 o * 12 3 o *
g,u@,C/ v =8,u6x/ vl +28u§(9x/ vy Tled, Bb]v

1+8b 1+8b -1+8b
= ® 2 3 o * o 2 ’
=3,u6x/ vl +28u26x/ vsh/ 0:((1 + 2" = Bb)v),
-1+8b -1+8b Z

and from the identity,

¢ 74 74 &
2 / Ven / 07(1+ 2 — pb)¥) = - / / vi02((1 + 7' — Bb)?), (2.81)
—-1+pb z —-1+8b Jz
we get,
el 5 el 5 ; el el 5
eHOx / V" = epdx / [venl™ — &0y / / vi0:(1+2 = Bb)p).  (2.82)
-1+8b -1+8b -1+8b Jz
Introducing,

24 [e6 el e
V= - / / / Vi, (2.83)
H> J 1ipdz:  Jo14pp
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2.1. Derivation of shallow water models

one computes that,

&l 74 5 H3 4.0
/ / Vadx (1 +2" = Bb)p) = 50797 + O(B), (2.84)
—1+8b Jz

and we deduce, under the medium amplitude bottom variations assumption (2.80) that,
o 2 o 2 ﬂ% 3. #492 2
Sﬂax/ v ° = s,u@x/ V|~ — == 0 (H V" 0;¥) + O(u”). (2.85)
“148b “148b 12

An equation for the shear velocity

Let derive an approximate equation solved by the shear velocity v}, defined in (2.66), starting from
the equation on the horizontal component of the vorticity,

e e
0wy + VO, + ;w@zwﬂ,h = EW 0V + ﬁwwazv. (2.86)

Recalling that we have,

v =9+l + O0(w),

w1+ 2= gl - o, [ v e 06 28D
~1+8b
one can compute,
EVOXW = EVO W )y + ENV OxW s
%wazwﬂ,h = ~20,[(1 + 2 = B)¥10.0, — (0, [ ;Bb Vi) 0 (2.88)
EW R0V = EW 0V + ENHW 10XV,
and as we have w,, = —=0yv = =0,V — \[u0yvy and 9;v = \Jud.vy = \Juw,», we obtain
%ww@v = 60 1057 — ENHD OV, (2.89)
Replacing the above calculations in (2.86), we obtain
01w + VO — €0x[(1 + 2 — Bb)V]0,w
= s\/ﬁ{ — V5 0x W + Gx( /Z v:h)ﬁzwﬂyh} + O(ep). (2.90)
~1+8b
Dropping O(&+/i1) terms, we infer
01w + V0w — €0x[(1 + 2 = Bb)V]0, w5 = O(e1). (2.91)
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Integrating equation (2.90) on z and using (2.7) and (2.66), we get

&l &l
/ atwu,h = at/ Wyh — 8615“’#/!\84(’
Z Z

= —0ivsh — €0, { W,

74 74
/ ﬁﬁxw#,h =y / (?xwﬂ,h,
z z

74
= \_)[ax/ Wyh — Sax{wp,h‘a_(],
Z

= —V0yVsh — gﬁ@x{wﬂ,hl%,

el &
/ Bxl(1 + 2 — Bb)P10-,01 = / 8:{0:[(1 + 2 - BB lw )
&l
- / 8.{0,[(1 + 2 - BB}y

&l x4
- [ax[a 47— ﬁb)v]wﬂ,h]z - / az{ax[a 47— ,Bb)v]}wﬂ,h.
We also have,
az{ax[(l b7 ﬁb)f»]} = 0.{—B, b7 + (1 + 7 — Bb)3,T} = Oy, (2.92)

and thus,

Z

74 el 74
[ ot sz poitocw, = [+ = poilo]” - [ o
b4 o z
= [ax[(l +27- ﬁb)‘_}]wu,h] + VshOyV,
Z

14

- [( _BObY + (1 47— ﬁb)axv)wﬂ,h] + V0,7,
Z

= { - BoxbV(@yp,, — ©un) + HOvwyup,, — (1 + 2= Bb)0xTw ) + vsnOyb.

Integrating the right-hand side terms in (2.90), we get

/Zgé“ (ax [;Bb v;"h)ézwﬂvh _ /28{ (9Z{(ax /_;/317 V:h)w/z,h}
el z
_/Z az{(ax[Hﬁbv:h)}wy,h,
z e 74 z
e S % X S

—_—

= v* _v*
sh Sh|—l+ﬁb
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2.1. Derivation of shallow water models

using (2.66) and the decomposition (2.4), one gets

14 *
vSh|—l+ﬁb = _([H,Bb w.u’h) ’
el 1 &l 74
[ a0 e )
—1+8b —1+8b —1+8b (2.93)

[
does not depend on z

el el
=( [ em) ([, em) =0
-1+8b -1+pb
z &l 14 2
[(ax / v;‘h)w,,,h] - (ax / v:h)w#ﬁ‘g{— (ax / v:h)a)ﬂ,h, (2.94)
-1+8b z -1+8b -1+8b

still using the decomposition (2.4), we infer

x4
/ Vi =0, (2.95)

1+8b

&l z z 74
/ (6x/ v:h)azwﬂ,h = —(6x/ Véh)wﬂ,h —/ W R0V
z -1+8b -1+8b Z

Gathering the above calculations, we obtain

and,

thus,

—0:Vgn — sat{wﬂ,h‘a_{ — EVOyVsh — 8\78)6{0)#,;,'8( — EVgh Oy V

- { — BObF@up,, + PO, + HOTwu,, — (1+7 - ﬁb)awiﬂ,h}

(2.96)
74 z el
= sx/ﬁ{ —/ VOx@uh — (8x/ v:h)a)ﬂ,h —/ w#,hﬁxv:h} + O(ep),
z —1+pb b4
MOTEOVer,
O0rvsh + EVOxVsh + EVghOxV
+ 8(0L + &0, — BODY + HO D), + s(ﬁaxb\‘/ — 91 + 7 - ,Bb))wﬂ,h 007
74 z 14 '
= sx/ﬁ{/ Vi Ox @ + ((9x/ v;‘h)wﬂ’h +/ wﬂ,haxv;‘h} + O(ep),
z -1+8b z
using the mass conservation equation, we obtain
(01 + &V0:{ — BOxbY + HO V)W, = (0:4 +VOx(1 + &{ = Bb) + HOxV)W i, (2.98)

= (0:¢ + 8x(H‘_}))w/1,h|8§ =0,

we have also,

(ﬁ@xb\‘z — 0. 5(1 + 27— ﬁb))wﬂ,h = ( 01 +z-Bb)y—(1+2- ﬁb)axv)w#,h,
= ~8,[(1 + 2 - Bb)F]w .
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Thus,
OrVsh + €V0xVsh + EVepOxV — €0x[(1 + 2 — ﬁb)‘_}]w,u,h
el z el
= 6\/ﬁ{/ Vi Ox @ + (6x/ v:h)wﬂ,h +/ wﬂ,haxv:h} + O(ep),
z -1+8b z
= ey/uC + O(ep),

74 z &l
% k k
C= / Vi Ox @y + (8x/ Vsh)“’/x,h +/ W pOx Vs
z —1+pb z

using the fact that w,,;, = 9;vy; , one can simplifie C-expression (2.100) as follows,

el el z
C - / v BL(@.5) + / 0.0 + (0 / )@
Z Z -

1+8b

el . z
= / [v:haz(axv;‘h) + va:hazv:h] + (ax/ v:h)wﬂ,h,
. _

1+8b
74 z
- / 0:(v5,0.95) + (0 / Vi)
z -1+8b

Z

el . «
- [vshﬁxvsh]z + (0 / Hﬁbv;h)azvsh,

Z
= (Vi 0Vp)les = VanOxven + (ax /
-1+8b

with,

* *
vsh)azvsh’
owing to v:h = Vgh — Vsn and Vshjo, = 0, we get

(V:haxV:h)ls{ = ((vsh — Vsn)Ox(Vsh — vsh))|g§ = VshOx Vsh,

so we get,
Z

C = =05V, + VsnOxVsh + ((9x/ v;‘h)azv;‘h,

-1+8b

still using v;‘h = Vsh — Vsh, WE get
* * — — * —
_Vshaxvsh + VshOxVsh = _Vshaxvsh + VshOx Vsh,

thus,
Z

C = _v:ha_xvsh + vShaxvsh + (6)(:/
—1+pb

v:h) 0V,
Finally, we obtain the following equation for the shear velocity
Orvsh + VO Vgh + Evgh 0,V — €0x[(1 + z — Bb)V]0,veh

= 8\/ﬁ{ — V:haxvsh + Vshax‘_)sh + (ax /
—1+pb

Z

v:h)azv:h} + O(ep).
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2.1. Derivation of shallow water models

Dropping the O(eu)-terms we get lower order version of (2.106),

OrVsh + EV0xVsh + EVshOxV — 0x[(1 + z — ﬁb)v]azvsh = 0(8\/5

(2.107)

Now, we want to obtain an equation of vg,. Integrating (2.106) over z and using (2.7) we have

el el
/ O vsh = O / Vsh — €01{Vsh,,
-1+8b -1+pb ’

= 0;(HVsn) — €0,{ vshy,,, -
N——
=0

Recalling that,

74 14
Veh = —/ W hs we have thus Vshi.r = —/ Wyh = 0,
z » 24

and,

14
/ VO vsh = VO (HVgn) + vﬁaxbvsh‘_lwh,
-1+8b

14
/ VshOxV = HVghOxV,
-1+8b

/_84 Ox[(1 + z = Bb)V]0,veh = /8{ 81{5)6[(1 +7 —ﬁb)f;]vsh}

1+8b -1+pb

_ /_8{ 8Z{6x[(1 +z— ﬁb)v]}vsh,

1+8b

14
_ / 0{0ul(1 + 2 = )T Iva} — HT 0.7,

1+8b
74
= [(—ﬁﬁxb\'z + (142~ ﬁb)ax\‘z)vsh]
-1+

= ﬁa_xb‘_}vSh|71+ﬁb - Hvsha_x\_).

Integrating on z the terms of C-expression (2.105) and using vgh = Vsh + v}, We infer

el 74 el
* * - * *
/ Vi OxVsh :/ vshaxvsh+/ Vi OxVeps
—1+8b ~1+8b —1+8b

el el
= Oy Vsh / v, + / Vi OxVis
—1+pb -1+8b

—_——
=0

&
_ * *
= / Vi OxVyy,-
-1+8b

b - H‘_}shax\_/a

(2.108)

(2.109)

(2.110)

2.111)

41



Chapter 2. Derivations and Notations

Integrating the second term of (2.105), yields

&l
/ VehOxVsh = HVghOxVeh,
-1+pb

then using (2.7) and Vshy_j 5 = 0, we infer

14 z 174 z
/ (0x/ v:h)ﬁzv:h :/ 8Z{(6x/ v:h)v:h}
—1+pb —1+pb —1+pb —1+pb
el z
_ / az{(ax / v:h)}v:h,
-1+8b -1+8b

[( z &l el z
=1(o / v )v*] —/ 0 (6/ %
* —1+8b sh/7sh 14 —1+p8b T —1+48b sh

one can deduce,

el 74 z el )
—/ Vi, OxVsh +/ (6x/ v:h)ézv:h = -0, (ve,)Ss
-1+8b -1+8b -1+8b -1+8b

reprouping the computations of C-expression terms, we deduce

e
C = H‘_}Shax‘_}Sh - 8}6/ (v;kh)z’
-1+8b

gathering the above calculations, one gets

at(H‘_’sh) + 8‘76X(H‘7sh)
+ 8,8\78xbvsh|_l+ﬁb + eHV 0,V — 8[36xb17vsh|_]+ﬁb

&

14
+ eHvgd, 7 = s\/ﬁ{Hvshaxvsh ~a, / b(v;jh)2} + O(sp),
-1+

thus,

el .
(| + Oem),
Bb

using the mass conservation equation d;H + 0,(HV) = 0, one can simplifie

+ eHV 0,V = 6\/,71{H\7sh<9x\7sh — Oy /

-1+

= O0;Hvg, + HO; Vg, + VO HVgy, + eHVO, Vs + EHV OV,

= Vsh (O:H + 0 (HV)) +HO; Vs + eVH O, Vg,
—_—————
=0

= Hat\_)sh + SH\_)ax\_/sh,
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2.1. Derivation of shallow water models

we obtain,

14
HO Vg + eHVO Vs + eHV 0,V = sx/ﬁ{H\'zshﬁx\_}sh - ﬁx/ (v:h)z} + O(ep). (2.117)
—1+p8b

Dividing by H we obtain the following equation for the average shear velocity vy,

_ - o4 - 1 I o4
O0Vsh + EVOyVsh + EVshOy v + sx/ﬁ{ﬁax / (vs'h)2 - vshaxvsh} = O(ep).
-1+8b

Dropping O(eu) terms we get lower order version of (2.118),

O0;Vgh + EVOVgn + EVeRO,V = O(8\/ﬁ)

(2.118)

(2.119)

Taking the difference between (2.118) and (2.106) and using (2.104) with the fact that 9, vsp = d;v}

*

and dropping O(eu) we obtain the following evolution equation on v}, ,

* - ES S -
Opvg, + EVO vy + €V 0k V

A | e, ¢ . ;
+ sx/ﬁ{vshaxvsh - Eﬁx (vsh)z} = &0y [/ (V + vy [0;vy, -

-1+8b 1+8b

*

Dropping O(g+/u) terms we get a lower order evolution equation for v, ,

Opvy, + EV0vy + evy 0xv — 0;[(1 + 2 — Bb)V]0, vy, = O(eu).

Computation of the pressure contribution

As for (2.74), we write
1 el el el
—/ 0Py = / ax/ (G,W + evo,w + Ew@zw)
€ J-1+8b —1+8b z M
3
= WT[H. BBI[O(HT) + e0x(HP*)] + epHQi[H, Bb)7) + 1o, , + Or?).

To calculate o,, we introduce the operator 7 [, 8b] as follows,

B 1 el el z
T[e{,ﬁb]w=——/ Hx/ 6x/ w,
H J 18, " J; ~1+8b

with T [el, Bblw = T [&l, Bb]w when w = W.

= HT [, Bblovy,

el [-74 z
te / o, / (vax(—ax / VL) + VD (=0,((1 + 2 — ,Bb)\‘z)))
—1+pb z —1+8b

o

32

+e [84 o, /ng ( - 3x((1 + 2/ = Bb)V)(—xv}) — [ ;ﬁb axv:h(—(?x\_))).

1+8b

(2.120)

(2.121)

(2.122)

(2.123)

(2.124)
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According to (2.80) the contribution of order O(u*/?8) may be neglected. We obtain,

0,, = HT [e4. B[O}, + e00, v}, + 70}, + 2 / / (070, / v

. /_ ff N /( v 021+ ) + [ o, / @)1+ 2)0).

Applying T [, Bb] to (2.120) up to O(+/g) terms, we get

~ 4 & 7
HT (e, Bb][0;vy, + V0xvy, + £V, 0:V] = —8/ 0x/ Bx/ Ox[(1 + 2)v]0,vy,

:_8// /aw //,; B:0:(1 + )P .

T e, Bbl0;vy, + V0vy ] = —2HT [&¢, Bb](v,0:7)

Thus,

—e/ / vsh02(1+z)v)—8/ / F((1 + 200y,

Plugging the above relation into Q,,» we get

= —2H7-[8§, ,Bb](v:haxv)

4 4 4 14 14
+ 28/ 8x/ ((')x\'/)(')x/ Vi, —28/ (?x/ v:ha)%((l + 7 )).
-1 z -1 -1 z

Using (2.84) together with the identities,

(

3/2

—8HT [, Bb](v};,0:V) = —%ax(max(v#axv)) — Oy (H?0Hv*0,7) + O(B),

e el 7 H?0.H , H
—48x/ / / 0,V0,vy, = ax(( 0 v+ —6xv#)6‘x17) + O(B),
-1 z -1 s 2 6

we finally get,

1 1
o = —ZGX(HSV#(S%\_/') - gax(ax(H3V#)ax‘_})~

32

(2.125)

(2.126)

(2.127)

(2.128)

(2.129)

(2.130)

Gathering the above computations and dropping O(u?) terms we obtain the following equation,

(1 + pT[H, Bb])[6,(HP) + £, (H7?)]

+ HO + euHQ[H, Bb](7) + sud, E + su2 HC[H](v*,%) = 0,

with,

&l el pz
E = / (vjh)2 and V¥ = / / / Vips
-1+8b 1+8b —14B8b

and C[H](v*,¥) is defined as in (2.77).
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Closure equation for v*

Since v* appears only in the O(u%) terms in (2.1.3.2), we only need to derive an equation for v* at
order O(+/u) to keep the overall O(u?) precision of (2.1.3.2).

Applying the triple integration operator /_ 81(+ sb fz o /_ Z'H sb to (2.119), we obtain

&
/ / / atvsh + EVO vy + eV 0V — £0,[(1 + 2 — ,Bb)\_/]('izv:h) = O(e/p),
1+8b 1+8b

let computing each term,

el z & 2z -1
/ / / 0tv:h = 81/ / V:h = —(9,(H3v#),
14+8b —148b : J-14pb 24

still owing to (2.7),
14
/ / / EVOVy, = 8/ / VOy / vy, + B0 bV
1+8b 1+8b 1+8b 1+4b |=14pb’
14 el pz
= g/ va / / = sv@ / / / V:h,
1+8b 1+ﬁb 1+8b -1+8b
- —— 90 H3 #
24v S(HVT)

74
/ / / gV, (')v———H3#(9v
1+8b 1+8b

74 z
—s/ / / Ox[(1 + z = Bb)v]0,vy,
1+8b -1+8b
74 Z
= —s/ / / ( —Bobv + (1 + 7 — ﬂb)axv)azv;‘h,
1+Bb —1+8b
el Z
= —8/ / / (1 +z—Bb)o,va,vy + O(B),
1+8b 1+8b
&
=—&d v/ / / (1 +z—=pBb)o. v, +O(p),
1+ﬁb 1+8b

14
=—-&d v/ / / (1+z—pBb)d. vy, +O(B),
1+8b —1+pb

=0
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one can compute,

0 = [;ﬂb 6Z{(1 +z—ﬁb)v;h} —/_;Bb az{(1 +z—ﬁb)}v;h,

Z Z

=|a+z- ,Bb)vsh] —/ v:h:(1+z—ﬁb)v;h—/ Vi
—1+Bb —-1+8b —~1+8b

el &l 114 z
/ 0, :/ (1+Z_ﬂb)v:h_/ / V:h’
z z z —-1+8b
el Z
AL / [ravempmi [0 [ [
1+8b 1+,Bb 1+8b —14B8b

= ﬁv +/1+ﬂb/ (1 + 2z - ﬁb)vgh,

integrating by parts, we get

/::(1 b2 BB = [(/_; V(1 + 2 —Bb) /8((/“& Vi)
- ( /_ ;ﬁb vi)(1 +z - Bb) - /z 84( /_ . Vn)-

el H3 el b4
/ / (1+z-pBbvy = — - / (/ vi)(1 + 2= Bb),
148b 24 —148b J-148b

integrating on z again,

thus,

S0,

Moreover,

& . 2H?3 4 3 < .
/ / / (I+z-pb)ovy = 0 T — / (/ v (1 + z = Bb),
1+8b 1+8b -148b J-1+8b

integrating by parts again,

74 Z el el z
—/ (/ vi) (1 +2z—Bb) = —/ (/ / v:h),
-1+8b J-1+8b -1+pb Z -1+pb
3
#

el z 3H3
/ / / (1+2z—Bb)av:, = =,
1+8b ~148b 24

guthering the above integrations, we obtain

moreover,

O (H> V") + evd (H V) + eH V0,0 = =36 HV o, v + O(ep),
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thus,
H3(9tv# + V#a[(H3)
3 # 3\, # 3 # 3 # (2.133)
+ eH VO + V0 (H W' + eH V70,V + 3eH V"0,V = O(e/p),
owing to the mass conservation equation d;H + d,(Hv) = 0, we get

—v#a,(H3) + v#[) (HY) + (H V0,0 = O(ei). (2.134)

Dividing on H> we obtain the following evolution equation on v¥, we infer
vt + evd v + vt = O(ep). (2.135)

Closure equation for £

E appears in term of order O(u), we need a closure equation for E at order O(u) to keep the
presicion of the model. Multiplying (2.120) by v, , we get

* * —_ % * * \2 —
VOV, + VY 0V + E(vy ) 0,V

R 0 ¢ 1. (2136)
+6\/ﬁ{(vsh) Oxvy, — Evsh(ax/ b(vsh) )} = 8(9x[/ (V + Vv [V, 0:vg,-

-1+ -1+pb

Let compute each term explicitly,

First term - We have,

& * * 1 & * \2
/ VehOrven = 5 / (v,
-1+8b -1+8b

1o (2.137)
= 50 / (Vi) - satg(vsh)lgz OE.
—1+pb
=0

Second term - We have,

el v el 5
=k k *
/ EVVG OxVy = — O (vgp)",

~148b 2 J 14pp
EV & *\2 * \2 #* \2
= 7['% (Vn)™ = 80xL (V)i B0 (V) 211, |5 (2.138)
_1+,3b \,—/ — e
=0 =0
&gV
= —0E
2
Third term - We have,
&
/ e(v: )?0,7 = eEdy. (2.139)
-1+8b )
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Fourth term - We have,

&g 1 14 1

eV / (Vi) 0xvyy, = &V / 0, (v = JEVHOF. (2.140)
—1+8b —-1+pb
/s{ ( 1 P ‘/‘8{ ( )2) 1 P ‘/s{
vi | =0, v = —0,F vi =0.
Crapy NH T oy, H iapp (2.141)
———
=0

Fifth term - We have,

Z Z
Oy / (V + Vuvy) = / [ﬁx\_z + VO vy — BOb + vy ) -148b |

1+8b —1+pb

z
_ / 0.9 + VEd., - poubi)
—1+pb

Mmoreover,
el b4
8/ v:hax[/ (v + \/ﬁv:h)]azv:h
-1+8b -1+8b
el Z
. v 0.7 + N0, — BObV] |02,
[1+,Bb Sh[[uﬁb[ i vy, = BOsbY [O:vs, (2.142)
e 74 z 74
= —/ v:h[/ [8x\7 + \/ﬁaxv:h]](')zv:h - 8ﬁ8xb\7/ V02V
2 J14pp —148b ~1+pb
= Ql + QZ’

integrating by parts and owing to (2.7), we get

a=3|(/ o aow)onr] - / " (07 VRO

2 148b -1+p6 2 J_ 148
=0
e el e 74
=z / (vi) Oxb — L / (Vi) 03
2 J 14pp 2 Jope

€ _ 1
= —EE(')xv - ge\/ﬁ@xF,

we also have,

el 1 el )
02 = —sﬂ(')xb\_// v, 0:vy, = —Esﬁaxb\_// 0x(vy)",
—-1+pb —-1+8
1 s (2.143)
= —Esﬁaxbv (vsh)z]fﬁwb =0.
———
=0
Regrouping the above calculations, we obtient the following evolution equation for E,

OE + eVO E + 36E0,V + e\Juo, F = 0. (2.144)
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with,

14
F = / V). (2.145)

1+8b

Closure equation for F

From (2.144), one deduces that we need to determine an evolution equation for F up to O(+/1) terms.

Multiplying (2.121) by (v;“h)2, we get

(Vi )20v7, + eP(Vi )20 vh + (v ) 0¥ — e0:[(1 + z = B)V](v)*0. v, = O(Wp),  (2.146)

integrating this equation on z and using (2.7), we compute

& % \2 * 1 s *\3 1
[ owras=3 [ aww=3ar

1+8b 1+8b
el 1
/ eV(v )20 vy = =eVdyF, (2.147)
-1+8b 3
x4
/ séx\'/(v:h)3 = eFo,v,
-1+8b
then,
= - * \2 * 1 & - *\3
[ adasz-pomogrory =3 [ adaez-poiaog)
—1+8b —-1+Bb
1 [ SR A 3
2 [ adadasz-ppmoir) -5 [ adada ez pol)os
3 J 148p 3 J 1480
1 U 1 1 [ IR I
=g lodaez-pnonr| -5 [ adedd ez poilos)
= 9,0
=0
1
= —§F8x\7
Gathering the above computations with dropping O(+/u) terms, we obtient evolution equation on F
O F + evo, F +4eFo,v = 0. (2.148)

Finally, we obtain the SGN equations with a general vorticity, under the assumption 5 = O(y/n),
in one-dimensional horizontal case. These equations are given as follows,

0 + 0x(HV) =0,

(1 + uT[H, Bb))[0;(HV) + €0(HV?)] + HO{ + euHQ:[H, Bb)(¥) + e 0 E
+e3PHC[H](V, ) = 0,

ov* + e0,(*) = 0,

OE + eVO E +3cE0,V + g4[u0, F = 0,

OF +evo F +4eF0,v =0.

(2.149)
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We observe that if F is initially equal to zero, then one can remove F from (2.149) to obtain a
simplified model,

0;¢ + 0(HV) = 0,

(1 + uT[H, Bb))[0;(HV) + €0(HV?)] + HO L + euHQ [H, Bb)(¥) + 0 E
+e3PHC[H](V, ) = 0, (2.150)
ov* + 0,(%) =0,

OE + evo E +3gE0,v = 0.

Anticipating on the design of a suitable discrete formulation, let introduce the new variables
¢ = H3E and of = H _lvﬁ, in order to obtain the following model, which will be numerically
studied in Chapter 5,

¢+ 0x(HV) =0,

(1 + uT[H, Bb))[8,(HV) + €0 (HV?)] + HO ¢ + suHQ\[H, Bb](V) + £ud,(H3¢)

S +eudPCIH](Hv%, 7) = 0, (2.151)
O, (Ho¥) + £, (Hvo%) = 0,

0/(He) + €0,(Hve) = 0.

2.1.4 Solitary wave solutions for rotational SGN equations

In this section, we adapt the results of [101] to the model (2.151). It is well known in the irrotational
flow and in the flat bottom case, that irrotational SGN equations admit solitary wave solutions of
amplitude £ Hj, which have known formula in a closed form,

n(t,x) = Ho + eHy sech®(k(x — ct)),  q(t,x) = c(n(t,x) - Hp), (2.152)
with k := /4”{53(%8) and ¢ = \/gHy(1 + ¢).

For rotational flows, the situation is quite different and the existence of smooth solitary waves
for the model (2.151) may depend on some conditions. Considering b = 0, (2.151) can be written
as an (ODE) system as follows,

é} + (H\;)x = O,
P+ 80l + 90,V + HEx — 2 [2H Wy + (H3V), ]y = 15 [H (B + P00 — P15
v+ (), =0,

(), ), -
(2.153)

Definition 2.1. A solitary wave of speed c for (2.153) is a mapping

(1,x) € R = (£, v E)t, %) = (£, 7, 0", E)(x = 1),
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such that there exists H € C*(R) and E« > 0, v¥, € R such that,

_ __H-Hy 4 H, _H
£—H—H0, v=c T g—ﬁovm, E—H—SEOO, (2.154)

with ¢ € R, { and v vanishing at infinity, over a current that might not vanish at infinity,
lim(Z,v) =0 and lim@* E) = (v, Ew),
Foo — Foo

and H solves the ODE,

1 H — H, H? 2 H?
§c(cﬂrg VP HY)H,, = = (2c2Hy — gH(H + Hy)) - (F —1)Es + ?Hgﬁx, (2.155)
0

on R and satisfies limz, H = H.

The following Proposition gives the criteria of the existence of smooth solitary waves in the sense
of Definition 2.1.

Proposition 2.2. (Existence of smooth solitary waves). Let Es, > 0,v¥ € R. Let also Hyax > Hp.

1. Up to translations, there can be at most two solitary waves of maximal height Hp.x for
(2.153); if they exist, they have opposite speed Fc, with
Hax(Hmax + 2H 3
c= (gHmax + max( ma;( 0) Eoo) 2 '
HO

(2.156)

2. The solitary wave of speed c (respectively, —c) exists if and only if the following conditions
holds,

g(gHg - viHéax) > 0, (respectively, —g(—gHg - vfoHiax) > 0). (2.157)

The profile of the solitary wave H then attains its maximal value at a unique point xmux and
it is symmetric with respect to the axis x = Xmax and decaying on the half-line x > Xxpyax.

Proof. The proof is detailed in [101].
O

Remark 2.3. Taking E., = v = 0 in the statement of Proposition 2.2, we get the same solitary
wave as in the irrotational case.

2.2 Introduction to DG methods

The goal of this section is to recall the basic concepts needed for the construction and analyze of a
DG formulation for a diffusion-reaction problem and the construction of a DG formulation for the
NSW equations. The sections concerning elliptic problems are borrowed from [50]. These discrete
formulations may be regarded as the starting points for the construction of the more elaborated
formulations that will be detailed in Chapter 4 and Chapter 5.
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Chapter 2. Derivations and Notations

2.2.1 Preliminary notations, definitions and results
Abstract linear stationary problem

Let V be an Hilbert space, a is a bounded bilinear form on V X V and f a bounded linear form on
V. We consider the following problem,

findueV, VveV, au,v)=(fv), (2.158)

where (-, -) refers to the L?-scalar product.
The existence and uniqueness of the solution of (2.158) is given by the Lax-Milgram lemma,

Lemma 2.4. (Lax-Milgram). Assume that a is coercive on'V,
3Cyia > 0¥V €V, a(n,v) 2 CuallvIly.
Then the problem (2.158) is well-posed.

Proof. see, e.g., [50, Lemma 1.4]. O

Discrete setting

Let Q be an open and convex set of R¢ of boundary Q. Let 7, be a partition of the computational
domain Q such that Q = Ure; T. When d = 1, Q and T are respectively open and close intervals
of R. Let x refer to the spatial coordinates in Q2. The meshsize is defined as the real number

h = rTna}])_( hr, where hr denotes the diameter of 7. We denote the set of interfaces of 7; by ¥, such
€

that for all F € 7—'}; and for two distinct mesh elements 77 and 75, then F' = 9071 N 975 and the set of
boundary faces is denoted by Fb forT € T;, F € ?—'hb then, F' = 0T N 0Q. Moreover, we denote

Fn = Th‘ U Thb the set of mesh faces. We define ny a.e. on 0T as the unit outward normal to 7. For
any mesh element 7' € 7y, the set Fr := {F € ¥, | F C 0T} collects the mesh faces composing the
boundary of 7. The maximum number of mesh faces composing the boundary of mesh elements
is denoted by Ny := rTrg%( card(Fr). Let ¢ be a sufficiently regular function defined on Q, that is

smooth enough suh that for all T € 7, the restriction ¢ of ¢ to the open set T' can be defined up
to the boundary 07. Then, for all F € ¥, the average and the jump of ¢ are given by, respectively,

1
{o}r = §(<pm +om), lelr =em — em- (2.159)

For the boundary face F € F?, we set {o}r = [¢]F = vir. In what follows, the subscript F is
dropped from both {¢} r and [¢] r when no confusion is possible. For a positive integer k > 1, we
define the broken polynomial space as follows,

PX(7) = {v € LX(Q)| VT € T, vir € PX(T)}, (2.160)

where P*(T") denotes the space of polynomials in T of total degree at most k. For a positive integer
m, the broken Sobolev space is defined as follows,

W"P(Ty) = {v € LP(Q) | VT € Ty, vir € W™P(T)}. (2.161)
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2.2. Introduction to DG methods

We introduce the following inner products for regular enough scalar-valued functions v, w:
(vw)g = / v(x)w(x)dx, (v,w), = /v(x)w(x)dx VT € T (vaw)p = (vw)(xp) VF € Fp,
Q T

1 1 1
and we denote respectively by [|[v|lq = (v,v)3. [IVlly = (v,v)7 and [|v]|p = (v,v) . the corresponding
L? norms.

We recall the definition of the so called broken gradient that acts on broken Sobolev spaces,

Definition 2.5. The broken gradient 3" : W' (T;,) — LP(Q) is defined such that,
Vv e WP(Tp), YT € T, (021 = 0:(vyr). (2.162)

In the following, we drop the index # in the broken gradient when this operator appears inside an
integral over a fixed mesh element 7" € 7;,. Let also recall the following discrete trace inequality,

Lemma 2.6. (Discrete trace inequality). For all vy, € PX(T3), all T € T, and all F € F7,

1
hillvillr < Corllvallr, (2.163)

where C,, depends only on k, the horizontal surface dimension and the mesh regularity parameters.
Summing over F € Fr, one deduces from (2.163) and the Cauchy-Schwarz inequality that,

1 1
hillvallor < Co Ny [|vallr. (2.164)

Proof. see, e.g., [50, Lemma 1.46]. m]

Now, let consider the following general discrete problem,
find vy € PX(T5), Ywi € P(Th),  an(vaswi) = (f.wia, (2.165)

where ay, is a discrete bilinear form defined on P¥(7;,) x PX(7;) and f € L*(Q).

The well-posedness of (2.165) may be achieved relying on a discrete counterpart of the Lax-Milgram
lemma, provided that the discrete bilinear form enjoys some discrete coercivity, consistency and
boundedness properties, which are defined in the following. Following the strategy introduced in
[50], to get the consistency, we need to extend the bilinear form to V, x PX(7},) where Vi is a subspace
of V, in order to be able to plug the exact solution in the first argument of the bilinear form. In
practice, one can define the bilinear form on P¥(7};) and provide some additional assumptions on the
exact solution. For the boundedness property, we need to extend the bilinear form to V,, x PX(T5),
with V,, = V. + PX(73,).

Definition 2.7. 1. We say that the discrete bilinear form ay, enjoys discrete coercivity on P*(Tj)
with respect to the norm ||-|| if the following property holds,

ICsia > 0, Vvj € Pk(ﬁ)a ap(vi,vp) 2 Cstamvh”lz‘ (2.166)
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2. We say that the discrete problem (2.165) is consistent with (2.158) if for the exact solution
p € Vi, we have
an(®,wp) = (f.wn)q  Ywn € PX(Tp). (2.167)

3. We say that the discrete bilinear form ay, is bounded in V,, X pk (7n) if there exists Cppg > 0
such that the following inequality holds,

Y wi) € Ve, X PE(TR),  lan(vi wi)l < Cpnalllvalll lwall- (2.168)

We can now state the main result concerning the convergence of the discrete formulation,

Theorem 2.8. (Abstract error estimate). Let consider p and py, respectively solutions of (2.158)
and (2.165). We assume that the discrete bilinear form ay, is coercive, consistent with the continuous
bilinear form and bounded. Then, the following error estimate holds,

lIp=wull <€ inf fllp = yall.. (2.169)

thP (7;1)
with C = 1 + C;,} Cpna.
Proof. see [50, theorem 1.35]. O

The following lemmas will also be useful in the following,

Lemma 2.9. (Optimality of L*>-orthogonal projection). Let m, be the L*>-orthogonal projection
onto PX(T;). Then, for all s € {0,....k + 1} and all v € H*(T), there holds

v = vy < Copphy " Vlasary  Ym € 40,5}, (2.170)

where C ;pp is independent of both T and h.
Proof. see, e.g., [50, Lemma 1.58]. O

Lemma 2.10. In addition to the hypotheses of Lemma 2.9, assume that s > 1. Then, forall h € ‘H,
allT € Ty, and all F € Fr, there holds

" —l
v = mwllr < Copphy 2 IVlasery, 2.171)
and if s > 2,
i s—l
10x(v = mpv)ir - nrlle < Cppphy *VIEs), (2.172)

where C ;;/,p and C, ;;/,p are independent of both T and h.

From the error estimate (2.169), one deduces that the following inequality holds,

llu —uplll < inf | = yulll. < llu = mwpull,. (2.173)
Yn€V
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2.2.2 Diffusion-reaction problem

We now recall the analysis of the simplest DG formulation in the simple case of a diffusion-reaction
problem with homogeneous Dirichlet boundary conditions.

The continuous problem

Let consider the diffusion-reaction problem with Dirichlet boundary conditions,

—Ap+dp=f in Q,

p=0 on 9Q (2.174)

with the source term f € L?*(Q) and the reaction coefficient § € L*(Q). This problem may be
classically written in the equivalent form,

Find p € Hy(Q) ¥v e Hy(Q) amv)=(fv)g (2.175)
where a is a bounded bilinear form defined on Hé (Q) x Hé (Q), defined as follows
Vo,w € Hy(Q)  a(v,w) = (0xv, 0w + (6v,w) - (2.176)

It is classical that problem (2.175) is well-posed, which is a straightforward consequence of Lax-
Milgram lemma.

The discrete problem

We consider the following discrete problem: find p;, € P*(7}), such that for all w;, € P¥(7;), we
have

ap(nwn) = (f,wi) o (2.177)

with,

an(viwi) = Y (0w dewn)y = > ({0va} [wal) - + ([val A0 wi}) )

TeT;, FeF,
¢ (2.178)
+ 2 3 (Dnl boad) p + ) (v
FeF, TeT,

where £ is a user-defined parameter to be specified later. This discrete bilinear form is called
Symmetric Interior Penalty (SIP) form in the literature. In the following, we recall that (2.178) is
consistent and enjoys some discrete coercivity property, provided that the penalty coefficient £ is
large enough, so that the corresponding discrete problem (2.177) is well-posed. Let begin with the
consistency property,

Proposition 2.11. (Consistency)
Vo € PX(Th),  an(e ¢n) = (f.61) - (2.179)

55



Chapter 2. Derivations and Notations

Proof. To check the consistency of the discret problem, we set v, := p in (2.178), to obtain

ap(p,wp) = Z (0xpa axWh)T - Z (axp, [[Wh]])F + Z (5P, Wh)T, (2.180)

TeT, FeF, TeT,

and after an integration by parts,

an(p,wn) = = > (Apwi)p + > (60,w1)7, (2.181)

T, TeT,

so that ay(-,-) is consistent in the following sense,
an(®,wi) = (fown)q  Ywi € PX(Tp). (2.182)
O

In order to formulate the discrete stability result, let introduce the following norm, for all
vi € PR(Tp),

NI

1
lvall = (192wl + 182wl + val2 ) 2.183)
with the jumps seminorm,
1 1
il = D - IDalIE) (2.184)
F
FeFy,

Before addressing the discrete coercivity, we need some bounds on the boundary terms, which are
addressed in the following Lemma.

Lemma 2.12. For all (vi,, wy) € (PX(73))?,

=

| > otk bnl) e < (3 D" nrlokvur - nrl) waljs (2.185)

Fefy, TeT, FefFr

Proof. For all F € Té with F = 90T} N 0T, let introduce the following convenient shortcuts
a; = 0Mvyr, - nr,i € {1,2}. The Cauchy-Schwarz inequality, yields

(£olvi}, [wal) » = (%(01 +az), [wal)
< (th(”aIH%" + ||612||12c))i X h_t:”[[wh]]”F-

2

Moreover, for all F € 7—”}5’ with F' = 071 N 02,

1 1\
(€0tvak D) < RENDIvr il x () Dol

Summing over mesh faces, using the Cauchy-Schwarz inequality, and regrouping the face contri-
butions for each mesh element yields the assertion. O
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Proposition 2.13. (Discrete coercivity). Forall ¢ > &= Ctera, where Cy, results from the discrete

trace inequality (2.163), the bilinear form defined by (2.178) is coercive on P*(Ty,) with respect to
the |||-|||-norm, i.e.,
3Ce >0, Yy € PX(TR),  an(vi,vi) = Cellvalll®,

where C¢ depends on & and Cy,.

Proof. Letvy, € Pk((iﬁ), owing to the discrete trace inequality (2.163), we have
2 2
2, 2 heltvar nelly < )7 b 0var - nr{ly,.
TeT, FEFr TeT,

< C2Np ||olvill,.

and we infer from (2.185) that,
1
| D ({atva Ival) pl < G (|02l 1vale-
Fes,

As a result, 1
an(vivi) 2 00vlley = 2C N2 0L vill g valiw + ElvilZ,

We now use the following inequality: let o be a positive real numbers, let & > o2, then

V(x,y) € RZ, X2 — 20xy +§y2 > ¢

2
o~ 2, .2
e (x™+y9). (2.186)

1
Applying this inequality with o := G, Ny, x = ||6£’vh||g, y = |vilj«, we infer,

an(vp, vir) = min(1, Ce)[[vall%,
1
g_CIrNBZ

with Cg = 2

A straightforward consequence of the Lax-Milgram lemma is that the discrete problem (2.177) is
well-posed. In order to study the convergence, we assume that the exact solution p is such that,

p € Vi = Hy(Q) N HA(Q) + PX(73), (2.187)

and we define on V,;, the norm,

=

lvall. = (Ivall® + ", rlldenr - nrl3y) (2.188)
TeT,

Proposition 2.14. (Boundedness) There is Cy,q, independent of h, such that

V(i wi) € Ve X PXTR),  an(iwi) < Conalllvallllwall- (2.189)
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Proof. Let (vi, wy) € Vi, x PX(75,). We observe that,

anvmwn) = Y (0 down)y = Y ({aih[wil) = O ([val A8owa})

T<T, FeF, Fe,
1
+ Z é’(h—F[[Vh]]’ [wa]) - + Z (6vhs W) 7 (2.190)
Fefy T<T,
= Ql +.”+QS'

Using the Cauchy-Schwarz inequality, yields

lo,| < l10xvallelloxwalla < llvallllwalll,

(2.191)
|0, < Evaljxlwalin < ElValllllwall,
owing to the bound (2.185) and since hr =~ hy, one obtains
%
ol < (D hrllcvur - nrli3z) Iwalie < Ivall.wlie < Wonll il (2.192)

TeT,

by definition of the |||-|||.-norm, still using (2.185) and proceeding as in the proof of proposition
2.13, yields

0,1 < GNP vallllwalll, (2.193)

using again the Cauchy-Schwarz inequality, we infer
1 1
los| < lI62vallallo>walla < llvalllilwall, (2.194)

gathering the above bounds yields (2.192) with Cp,g =3 + € + C; N al/ 2,
O

A straightforward consequence of the above results together with Theorem 2.8 is the following
error estimate,

Proposition 2.15. Let p € V., and py, be the solutions of (2.175) and (2.177), respectively, with ay,
defined by (2.178). Then, there is C, independent of h, such that

e =pull < C inf  |llp = palll.- (2.195)

v €P*(Ty,)

To infer a convergence result from (2.195), we assume that the exact solution is smooth enough and
use lemmata 2.9 and 2.10.

Lemma 2.16. Assuming p € H**'(Q), in addition to the assumptions of proposition 2.15. Then,
there holds

e = palll < Cph", (2.196)
with Cy, = C||p||gr+1(q) and C independent of h.
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Proof. Taking v;, = np, the L?-orthogonal projection of p onto P*(7;), we get

o= mipll, = Y 110ue — )12+ —II[[v minlll;

TeT; Fesy
+ Z hr |02 (p = 7o) - nT”aT + Z ‘52(13 ﬂhp)H
TeT,

.:Q1+Q2+Q3+Q4.

Using Cauchy-Schwarz inequality and lemma 2.9 with m = 1 and s = k + 1, we infer

2k
Z apph ”p”Hk*'(T)’
T€T,

triangular inequality, discrete trace inequality (2.163) and lemma 2.10, give
o<y L i 2 e =l < ) NaCop i Wbl
7T, ' FeFr TeTy

owing to the trace inequality and lemma 2.9 withm = 1 and s = k + 1, yields

< > oxto = mpdlly < . ChCoE Nk Pl
TeT TeT,

Cauchy-Schwarz inequality and lemma 2.9 withm =0 and s = k + 1, give
2(k+1
Q4 S Z Cap[)hT( i )” ”HkH(T)’
T€T,

gathering the above bounds yields the assertion with,

C, = (C' +NICI +NIC, Co+C, h) (2.197)

app app app app

O

2.2.3 Shallow Water equations

In this section, we recall the construction of DG approximations for the weak solutions of the NSW
equations, as introduced in [61]. Setting b = 0 for the sake of simplicity, the NSW equations
(2.198) obtained at the beginning of this Chapter may be alternatively written as follows,

OH +0.q =0,
{’ T O (2.198)

diq + 0x(HV?) + gHOH =0,
where we have set ¢ = Hv. This system can be written in a compact general conservative form as
follows,

O,w + OxF(w) = 0, (2.199)
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where F(w) : Q — R? x R is the flux function, which reads

. q
F(w) = (T(W))’ (2.200)
and the nonlinear flux is,
1
F(w) = Hv> + EgHz.

Multiplying (2.199) by test functions ¢ € P¥(7;,) and integrating over a given element 7;, with the
flux term being integrated by parts, one obtains

/0,w¢—/F(w)8x¢+/ F(w) - nor.¢ =0, (2.201)
T; T; aT;

where 07; is the boundary of 7; and nyr, its unit outward normal. The local approximated vector
solution w;, € P¥(7},) is expressed as a polynomial of order k on each element T},

Na
Wilt.x) = ) WD), Vx € Tt € [0t (2:202)
=1

where {¢,l-}11\id1 is a polynomial basis for P*(T), and {wf. (t)}ll\i“1 are the local expansion coefficient
vectors with wf. (r) = (nf,qf ). Many choices are possible for the expansion basis, and we choose

to use a nodal approach: {¢f}ﬁd1 will refer to the interpolant Lagrangian expansion basis, with
Ny = k + 1. Thus, a discrete formulation of (2.201) is obtained by replacing the exact solution
w(t, x) by the approximation wy (¢, x) and the test function ¢ by the expansion basis functions,

Na
/ (Z a,wl%(pf.)qs;ﬂ - / F(Wn)0, 9™ + / F(wp) - ngr,¢”" =0, 1<m< Ng. (2.203)
i = T oT;

T;

Noting that we have,

| Fovnane? = 3 Frrdt) 2.204)

t FeFr

we obtain the following discrete formulation,

Na
D owl /T i — / Fw)d:d!" + > (Fre.¢l') =0, 1<m< Ny, (2.205)
=1 i i

T; FefFr

Hence, the DG approximation of (2.199) reads,
find (17, gn) € (P¥(77,))? such that, for all ¢, € PX(7,),
(a,wh,cph)g + (An(wy), goh)Q =0, (2.206)
where
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1. the discrete nonlinear operator Ay in (2.206) is defined by,

(AR(WR), 1) = = Z (F(Wn). 0xon) g + Z Z (Fres @n) o (2.207)

TeT, TeT, FeFr

2. ETF is a numerical approximation of the normal face fluxes F(wj,) - nyr which is chosen to
be the Lax-Friedrichs flux. Denoting by w~ and w*, respectively, the interior and exterior
traces of wy, on F', with respect to the element 7. The global Lax-Friedrichs flux is given by,

(F(w™) - Hrr + F(W") - Tz — a(w™ —w)), (2.208)

| =

Frr =
with a = maxreg; or and

op o= max (| | + g Hir ). (2.209)

or Hh|T

2.2.3.1 Time discretization

Supplementing (2.199) with an initial datum w(0,.) = w°, the time stepping is carried out using
the explicit SSP-RK schemes of. For k < 3, we consider SSP-RK schemes of order (k + 1). For
instance, writing the discrete formulations (2.205) in the operator form,

8twh + ﬂh(Wh) =0, (2.210)
we advance from time level n to (n + 1) as follows with the third-order scheme as follows,

1
Wy =Wy — A" AR(W),

1 n 1 n
w;’l’z = 4_1(3Wh + WZ’I) — ZAt ﬂh(w;ll’l),

n 1 n n. 2 n n
witl = g(wh + 2wh’2) - §At ﬂh(wh’z),
where WZ’i, 1 <i < 2, are the intermediate stages, At" is obtained from the CFL condition (5.40),
and the discrete initial data w(;l is defined either as the L2-projection or interpolation on (P*(7,))?
of wo. For k > 3, the five stages fourth order SSP-RK scheme of [150] is used (the details are

omitted for the sake of simplicity). The corresponding time step At" is computed adaptively using
the following CFL condition (see [38]),

1 hy
A" i (—) 2211
S 2kt 1oy (2211
with,
o ‘= max ( N nr| + \/th|T) .
oT h|T
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Chapter 3

Main results

In the previous Chapter, we recall the complete derivation of various shallow water models, in
the particular case d = 1, including the NSW equations, the Boussinesq equations and the SGN
equations without and with vorticity. These various models may be regarded as a hierarchy of
increasing complexity set of equations towards a more complete description of the whole range of
hydrodynamical processes in nearshore oceanography. Having such a hierarchy available, one has
to investigate now the construction of discrete formulations allowing to compute the time evolution
of approximate solutions to these models.

To this end, we have highlighted in the introductory Chapter 2 §2.1 that DG methods may be
particularly well suited, as they allow enough flexibility, efficiency, and accuracy to successfully
address the numerous difficulties associated with such highly nonlinear and dispersive equations.
To highlight such flexibility, and to introduce the main ideas of the design and analysis of DG
methods, we also recall in Chapter 2, §2.2 the construction and analysis of basic arbitrary order
accuracy DG approximations for some model problems: the diffusion-reaction problem, which is
an elliptic problem, and the NSW equations, which is a nonlinear hyperbolic problem.

And indeed, several recently published studies have shown successful applications of various DG
formulations to NSW, Boussinesq and SGN equations. However, there are still several limitations,
which are addressed in this thesis. This Chapter is dedicated to a summarized presentation of these
works, with a particular emphasize put on the specific improvements and novelties.

3.1 A new SWIP-DG formulation for SGN equations

Let focus first on the classical SGN equations without vorticity. As already mentioned in Chapter
2, the construction of fully discontinuous Finite-Element formulations for the SGN equations is
investigated firstin [59, 60]. In these preliminary works, DG methods based on LDG approximations
for higher-order derivatives is built for the optimized SGN equations of [97]. However, the particular
SGN equations of [97] relies on a simpler second order elliptic operator. This simpler structure is
of course exploited in [59, 60].

However, the corresponding discretization matrices obtained in [59, 60] are not symmetric due to
the nature of the LDG formulations. Additionally, the LDG strategy requires the introduction of
many auxiliary variables to formulate the higher-order differential operators as systems of first-
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order operators and generate some computational overhead and complexity.
These drawbacks are partially addressed in [51], where the elliptic operator associated with the
classical SGN equations is reformulated as a symmetric diffusion-reaction like problem, as follows:

1 1
H(1 + T[H,b])w = ——ax( H? (9xw) + (H + =0, (H0,b) + H(axb)2)w. 3.1)
3\ 2
k(H)
S(H.b)

Such an operator may be discretized with a SIP-DG method inspired from the one recalled in
Chapter 2 §2.2. There is however several major differences:

1. the second order term and the reaction term in (3.1) have variable (non-homogeneous)
coeflicients « and ¢, defined with respect to the water height H and the topography b,

2. writing the associated discrete formulation, the water height is approximated by a broken
polynomial and as a consequence, the discrete version of these coefficients are discontinuous
by construction,

3. the water height may exhibit strong variations, leading to strong gradients values in the
vicinity of the waves breaking area.

These particular and constraining features justify the introduction of a specific stability enforcement
at the mesh interfaces, and the method proposed in [51] falls into the particular family of Symmetric
Weighted Interior Penalty-DG method (SWIP-DG), see [52] for details. The discrete bilinear form
associated with (3.1), with the notations introduced in Chapter2, reads as follows:

agll)(/(,é;vh, wy) = Z (KOxvh, Oxwh)p + Z f(t—’;[[vh]], [wal) - + Z (6vi wh)

TeT, FeFy, TeT

_ Z (({K@fwz}}w, [wa]) o + ([[vh]],{{Ka)’gWh}w)F) .

FeFy,

(3.2)

We observe the symmetry of the interface terms

Z (({{Ké‘fwz}w’ [wil) p + ([[vh]],{{Kafwh}}w)F) _

Fefy,

We also emphasize that the terms

> £l o)

Fefy,

are called the interior penalty terms, which are added to obtain the discrete stability. Using this
discrete formulation, one is able to use iterative methods for sparse linear systems in order to solve
the linear system associated with this new discretization and this is a real improvement.

However, this formulation still suffers from a major drawback: the reaction term H + %0x (H?0,b) +
H(d,b)? in (3.1) may not be always positive, as it depends on d,b. A straightforward consequence
is that the discrete coercivity property of the associated discrete bilinear form can not been proved
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3.1. A new SWIP-DG formulation for SGN equations

asin 2 §2.2.

The goal of Chapter 4 is to alleviate such a limitation and introduce a new DG formulation
for the SGN equations for which it is possible to ensure the stability of the discrete bilinear
form.

To achieve this, a reformulation of the SGN equations is proposed as follows:

0w + 0,F(w,b) + D(w,p) = B(w, d,b),

0, (~k(H)3,p) — B(H, 0,5)dsp + 9 (B(H. D, b)0) + S(H,db)p = QUH,bl(n,7), O

where we have, in particular, §(H, d,b) := H(d.b)?+ H and the other coefficients k(H) and S(H, 0.b)
are defined in Chapter 4. We emphasize that the coupling between the first (hyperbolic) and the
second (elliptic) equations is achieved through the introduction of an auxiliary variable p.

Looking specifically at the elliptic problem and comparing the formulation
H(L+ TH,b)w = 0, (~«[H10,w) - BIH,0,b]0,w + 0. (BIH, 0,blw) + H (0 + 1) w, (3.4)

with (3.1), we observe two major differences: (i) assuming that H > 0, the reaction-like coefficient
of the new formulation, namely H((9,b)*> + 1), is always positive, (ii) there are two additional first-
order convection-like terms, namely B[ H, 0,b]0,w and d.(B[H, d.b]w) with coefficients B[H, 0,b]
which sign doesn’t matter for the stability analysis of the upcoming DG formulation.

Relying on this reformulation, we introduce a new discrete bilinear form, still belonging to the
family of Symmetric Weighted Interior Penalty-DG methods, and which reads as follows:

an(k,B,8;vp,wp) = Z (Kaxvh»axwh)T + Z g(i;F [[vh]],[[wh]])F + Z (6vh, Wh)T

TeT, Fes, TeT,

= > (0w Iwnl) o + (Do, A0 wado) )

Fen (3.5)
- Z (Bvh, Oxwi) . — Z (Oxvi, Bwi) 7

TeT, T<T,
+ ) (B Yo [wal) o + (i ABWIYw) ) -

FeF,

We observe that this new discrete bilinear form is indeed symmetric and we emphasize that this is
a highly non-trivial feature for any DG formulations with advection-like operators. In the proposed
formulation, this symmetry is obtained thanks to the reformulation (3.3). Indeed, we observe that
the two new advection-like terms in (3.4) lead to two new surface integral terms in (3.5):

Z (Bvhs Oxwi)y + Z (0xvi BWh) 75

TeTy, TeTy,
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together with the corresponding interface terms,

D (€8 Yer [wad) p + (Iva] 48w Yw) ) - (3.6)

FeF,
Concerning the consistency, we have the following result, which is proved in Chapter 4:

Proposition 3.1. (Consistency)

VYou € PX(Th), an((H), B(H, 8:b), 6(H, 0xb); v, ¢1) = (QLH, b)(1, 7). $1) .

Looking at the penalty terms in (3.5), we emphasize that they now have the liability to counter-
balance, in the discrete coercivity study, the signs of both the "usual" interface terms and the new
interface terms (3.6). In order to formulate the discrete stability result, let introduce the following
norm, for all v, € PX(73),

Lon | 3 ? s 2 \!/2
vall = (e at| -+ |z acbwmnl) -+ Hval) + b)) (3.7)
Q Q
with the jumps seminorm
Yk F 2\1/2
vilju = ( Z s ||[[Vh]]||F) : (3.8)
Fefy

We establish the following stability results:

Proposition 3.2. (Discrete coercivity) For all § > & (with & defined in Chapter 4), the bilinear form
defined by (3.5) is coercive on PX(Ty,) with respect to the |||-|||-norm, i.e.,

3Ce > 0, vy € PX(Th),  an(k[Hp), BIHp, Vi), 5[Hi, Vbul; vinvi) = Celllvall®.

In order to formulate the error estimate result, we assume that the bilinear form (3.5) is extended
to V., X PX(75), with V,, = H*(Q) + PX(73,).

let introduce the following norm, for all v;, € P*(75),

+Zh7"

oT TeT,

2 2

1
lvall == (Ilall® + 3 hr CH N
or

TeT,

)1/2, (3.9)

1
K(Hh)fTafVmT - nr

As a complement to the submitted paper [177], we also establish the following error estimate:
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3.2. A robust SWIP-DG formulation for rotational SGN equations

Theorem 3.3. ( Error estimate) Let p € V,, solve (4.15b). Let p), € PX(75) solve the discrete
problem with ay, defined by (3.5) and penality parameter as in proposition (4.8). Then, there is C,
independant of h,« and y, such that

- <C inf = Pulll«
e = pall L, lIlp = pall (3.10)
Moreover, if p € H*1(Q),
e = palll < Cey Coh", (3.11)
with
G=C ||P||Hk+1(Q),
; 1 (3.12)
Ciy = Cmax(K2 + yh + Hp?h + K2 + xh),
and B _ .
& = ||k[Hn]ll o) > X = IX[Hn VOulll gy s H = ||Hnll 1= » 3.13)
Cnax = max(C,y,, Ny > min(ky, k2)'2C, . NS *Cor o, CNY 2 CL ).

We finally emphasize that this new formulation for the SGN equations may be extended to the d = 2
situation, by switching to 2d differential operators in the proposed formulation.

3.2 A robust SWIP-DG formulation for rotational SGN equa-
tions

In Chapter 5, we investigate the design of DG formulations for the SGN equations with vorticity
(2.151). To our knowledge, the only numerical discretization for these equations was proposed in
[101], with a hybrid WENO-DF discretization. Let also mention the recent works [89, 137] in
which related models with a modified time-evolution equation on the enstrophy e, with calibrated
source terms to model wave breaking, are considered. However, these works focus on the issue
of wave-breaking and not on the stability of the numerical methods, which are straightforwardly
adapted from [59]. The system under study reads as follows:

6 ¢ + 0:(Hv) = 0,

(1 + uT[H, Bb))[8;(HV) + €0 (HV?)| + HO ¢ + suHQ\[H, Bb](¥) + £ud,(H3¢)
+e2C[H](Hv?,7) = 0, (3.14)
d,(Ho%) + £0,(Hvv?) = 0,

0;(He) + €0 (Hve) = 0.

Starting from the formulation of Chapter 4 for the (irrotational) SGN equations, there are some
major novelties in equations (3.14) that introduce additional challenges: (i) there are two new
variables, namely ¢ and nﬁ, which are occurring in the momentum conservation equation. This
entails some modifications in the coupling strategy, between the hyperbolic part of the model, and
the elliptic part. In particular, the new enstrophy variable ¢ occurs in the definition of the associated
nonlinear flux, (ii) the enstrophy variable ¢ is defined as a non-negative quantity. The proposed
new DG formulation should ensure that this non-negativity is preserved at the discrete level.
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The goal of Chapter 5 is to design a new fully discontinuous discrete formulation for (3.14)
that accounts for these features.

Let introduce an augmented vector of state variables, and the corresponding nonlinear flux vector,
as follows

14 Hv
| Hv [ F(w)
He Hyve
with
g2 Lo 3
F(w):=Hv" + ng + H’e, (3.16)

so that as in the previous section, the rotational SGN equations (2.151) may be formulated in a
compact form as follows:

ow + 0,F(w) + D(w,p) = B(w, b), (3.17a)
ax(—K(H)axp) _ B(H,8,b)d,p + 0, (ﬁ(H, 8.b) p) + 6(H,8,b)p = Q(w, b). (3.17b)

The state vector w is assumed to take values in a convex and open set U defined as
U = {(H,Hv,Hv* He) e R*, H > 0,¢ > 0}, (3.18)
and focusing on the first-order and homogeneous part of (5.19), which reads as
0w + 0yF(w) =0, (3.19)

the computation of F'(w) shows that the corresponding system is strictly hyperbolic as soon as
H > 0, with the following eigenvalues:

A =7 —(gH +3H%)?, da=A3=7, Ay=7+(gH+3H%)?. (3.20)

The inclusion of the term H>e in the definition of the nonlinear flux (3.16) is mainly motivated
by the fact that the resulting wave-speeds (3.20) are very similar to the propagation speed of the
rotational solitary waves (2.156) and as a consequence, such a choice may ensure that realistic
wave speeds are effectively accurately approximated in the transport part of the proposed new DG
formulation.

The first step to achieve the design of an arbitrary-order DG scheme for equations (2.151) is the
construction of a robust lowest-order FV scheme. Such a FV scheme should rely on a new HLLC-
type Riemann solver for the homogeneous hyperbolic system (3.19).

More precisely, we consider an approximate Riemann solver at interface F consisting of 2 finite
external wave-speeds Az, /1; and an additional intermediate wave /l; (note that in the following,
the subscript F may be avoided when no confusion is possible). We denote by w; and w} the
intermediate states to the left and to the right of the wave A* respectively. The 3 wave speeds are
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3.2. A robust SWIP-DG formulation for rotational SGN equations

therefore separating 4 constant states wz, W, Wy and wg, leading to the following approximate
solver:
wy if & < A7,

*Af AT <E<AT
A L —_ —_ 9
WS, W, WR) = 3.21
(€W W) wh if A < £ <At (3-21)

Wgr if At < f,

with & = 2=, Assuming that A~ and A* are given by some estimates under the form

- _5 SL + _ = SR
A = _ , AT = + —, 3.22
LT, YRTH (3.22)

the definition of the 8 components of the 2 unknown intermediate states w; and wy, together
with the intermediate wave speed A*, are needed. To achieve this, we build a system made of the
consistency condition for the discharge Hv, together with the jump conditions across each wave
for the variables H, Ho! and He and we exhibit the corresponding solution in (5.36)-(5.38). This
solution satisfies the following preliminary robustness result:

Proposition 3.4. Consider the approximate Riemann solver (5.36)-(5.38), together with the wave-
speed estimates (3.22). Then, with suitable values of s; and sg defined in (5.44)-(5.45), the
approximate Riemann solver (5.36)-(5.38) preserves the invariant domain U :

WiL,WReEU = W wr,Wg) € U forany value of .

This robustness result is then used to build a robust lowest-order FV scheme accordingly. Indeed,
once the intermediate states are known, the corresponding fluxes can be computed as follows:

F(WL) if 0 <A,
F(wp) + A~ (W] —wg) if 17 <0< 4%,
F(wg) + A" (g —wg) if A* <0< A%,
F(wg) if A7 <0.

Fh(WL,WR) = (323)

Hence, a FV scheme built upon this HLLC interface preserves the positivity of H and e:

Proposition 3.5. The lowest-order FV numerical scheme obtained by setting k = 0 and ¢, = 1 in
(2.206), with interface numerical fluxes (3.23) and a first-order Euler time discretization, preserves
the invariant domain U under the following CFL-like condition:

hr _
At = (—) Ay = 211D 3.4
Yf}g}; A T 223% (| F|| F) ( )

The last step is to consider an arbitrary order of approximation k > 1. Setting ¢, = 1 in (2.206),
using a first-order Euler time discretization and denoting by w7, the mean values of w, at discrete
time " on mesh element 7, the fully discrete formulation satisfied by the state vector averages reads
as follows:

h
A—tTn Wi = Wi+ > Fu(wewihngr =0, (3.25)
Fefr
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where w7, w}. respectively stand for the interior and exterior traces of w;, on F, with respect to
mesh element 7. Let consider the 7-points Gauss-Lobatto quadrature rule {xiT, 1 <i<7t}on

mesh element 7' (with 7 > 2), and the corresponding quadrature weights {w;, 1 < i < 7} such that

iq=1 w; = 1. This quadrature rule allows to exactly compute integrals of polynomials up to degree

27 — 3. In particular, choosing 7 = [(k + 3)/27, we have:
1 T
VT € Th W= oo /Tw'; = > wiwp(x).
i=1

We have the following result:

Proposition 3.6. Assume that for all T € Ty, Wy € U and foralli € {1,.. .,T},W’T’(xl.T) € U. Then
the scheme (3.25), satisfied by the averaged values of the state vector, with interface numerical

fluxes built from the approximate Riemann solver (3.23), preserves the invariant domain U under
the following CFL-like condition:

h
A" < Wy %g(ﬁ) Ar = max (|/z{|,|ﬂ,§|) . (3.26)
h T

Gathering all these ingredients, the new DG formulation adapted to SGN equations (2.151) reads
as follows:

find Wy, = (£ ¥ Vi e b)) € (PX(7))° such that, for all (¢4, ) € (PH(T))2,
(0rwn, 1) + (An(Wi,0n), 1) = 0, (3.27a)
an(k(Hp), B(Hn, Vo), 6(Hp, Vbi); o yn) = (QulHns br1(Lhs 1) 1) 77 (3.27b)

where:
(i) the discrete bilinear form ay(k, B8,0; -, -) is the same as in the previous Chapter,

(ii) the discrete nonlinear operator Ay in (5.32a) is defined by

(An(Wn, P1), 1) 7= = (F(Wn), 5?9%)% + (Fam, @) o7+ (Da(Wa 1) ) 7 = (B(Was b1, 1) 1,
(3.28)
where the interface stabilizing fluxes contribution is defined as follows

(Fam, 1) 50 = Z Z (Fa(Wr, Wanre, @) 1,
TeT, FeFr

and F,(wy, w}) is defined in (3.23).

We highlight that the coupling between the transport (hyperbolic) part and the dispersive (elliptic)
part of the model is achieved through the algebraic operator:

(D(Wh o)1) . = (Hibn — gH V) (&) = 3H Y (Hi)en = Hy Vi (e), ) -
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3.2. A robust SWIP-DG formulation for rotational SGN equations

From the robustness and nonlinear stability results above, related to the homogeneous system, it is
clear that this global DG formulation for the rotational SGN equations preserves the positivity of
H and e at the discrete level. This new scheme may be straightforwardly used in the models with
enstrophy of [89, 137] for instance.
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Chapter 4

A New SWIP-Discontinuous Galerkin
formulation for the SGN equations

This Chapter gathers the works published in the following paper:

M. Zefzouf, F. Marche, A New Symmetric Interior Penalty Discontinuous Galerkin formula-
tion for the Serre-Green-Naghdi equations, Numer. Methods Partial Differ. Eq.. (2022), 1-26.
https://doi.org/10.1002/num.22942,

together with a new error estimate result.
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Chapter 4. A New SWIP-Discontinuous Galerkin formulation for the SGN equations

4.1 Introduction

In an incompressible, homogeneous and inviscid fluid, the propagation of surface waves is governed
by the Euler equations with nonlinear boundary conditions at the surface and at the bottom. As this
problem is still complicated to solve in its full generality, both mathematically and numerically,
several simpler models have been derived to describe the behavior of the solution in some physical
specific regimes (see, e.g., [96] for a review). In what follows, we focus on the shallow water
regime:

2
(shallow water regime)  u = /l_g <1, 4.1)

where Hy refers to the typical water depth, A the typical wave length. In this regime, the classical
Nonlinear Shallow Water (NSW) equations [143] can be derived from the full water waves equations
by neglecting all the terms of order O(u), see for instance [99]. This model provides an accurate
description of important unsteady processes in the surf and swash zones, such as nonlinear wave
transformations, run-up and flooding due to storm waves, see for instance [19], but it neglects the
dispersive effects which are fundamental for the study of wave transformations in the shoaling area
and, possibly, slightly deeper water areas. Keeping these dispersive effects in the equations, and
neglecting only the O(u?) terms, one obtains a more accurate - but mathematically and numerically
more complicated - set of equations known as the Serre [147] in the horizontal surface dimension,
or Green-Naghdi [74, 151], or fully nonlinear Boussinesq [163] equations for the two-dimensional
case. We refer to these models here as the Serre-Green-Naghdi (SGN) equations. Note that
contrary to the weakly nonlinear Boussinesq models that go back to Boussinesq himself, no
smallness assumption is made on the size of the surface perturbations, the corresponding regime is
said to be fully nonlinear:

(fully nonlinear / large amplitude regime) & = Hi =0(1), 4.2)
0

where a is the typical wave’s amplitude. Such equations have been mathematically justified in [5]
and [85] in the one-dimensional case.

Let x, z, and ¢ denote, respectively, the horizontal, vertical, and time coordinates. We denote
by £(t, x) the free surface elevation with respect to its rest state, by —Hj + b(x) a parametrization of
the bottom’s variations and by H := Hy + { — b the water depth, as shown in Figure 4.1. Denoting
by unor the horizontal component of the velocity field in the fluid domain, we define the vertically
averaged horizontal velocity v € R as

_ 1 [
v(t,x) = ﬁ/ unor(t, X, 2)dz,

H()+b

and we denote by g := Hv the corresponding horizontal momentum. The classical SGN equations
read as follows:

8, + Oc(HV) = 0, (4.3a)
(1 + T[H,b]) 0,V + 70,7 + g0:¢ + Q[H, b](¥) = 0, (4.3b)
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where the linear operator 7 [H, b]- and the quadratic form Q[H, b](-) are defined for all smooth
enough scalar-valued functions w by

T[H,blw = Ri[H, b](d:w) + Ro[H, b](wd,D), (4.42)
Q[H, b](w) = Ri[H, b](8x(wdew) — 2(0yw)?) + Ra[H, b]((wdy)*b), (4.4b)
where
Ri[H,blw = Ly (Hw) — B oo.b R,[H, blw = L (H*w) + wo,b
1 P . 3H X D) xUs 2 s . H X xU.

Considering the discrete formulations, the SGN equations have recently received attention and

various numerical methods have been introduced, mostly in the surface horizontal d = 1 case,
like Finite-Difference (FD) approaches [7], Finite-Volume (FV) [20, 36], WENO [29, 48], pseudo-
spectral (PS) [63], (continuous) Finite-Element (FEM) [71, 118, 119], FV and FEM methods on
hyperbolic relaxed approximating models [69, 77] and discontinuous Galerkin approaches (possi-
bly mixed with FEM) in [51, 53, 60, 114, 127, 148]. In d = 2 case, several methods have been
developed mostly on cartesian meshes: FD [6, 163, 182], FV [103], hybrid FV-FD [132, 149]
and WENO-FD [97], PS (in the rotating case) [128] and more recently a Hybridizable-DG method
[144] and a Central DG-FE method in [106]. Numerical approximations of SGN equations on
general unstructured (simplicial) meshes are considered in [59, 115].
We have introduced in [51] some high-order fully discontinous Galerkin discrete formulations for
the (classical) SGN equations, as well as for the asymptotically enhanced SGN models of [97] in
order to optimize the dispersive properties of the classical SGN equations. In these formulations,
relying on the Symmetric Weighted interior Penalty DG approach (SWIP-DG), the fully nonlinear
and weakly dispersive equations are written as coupled nonlinear (pseudo) hyperbolic-elliptic prob-
lems, relying on the (non-dispersive) NSW equations supplemented by additional algebraic source
terms, which fully accounts for the O(u?) nonlinear dispersive correction. These source terms are
themselves computed as the solutions of auxiliary linear second order elliptic problems associated
with the elliptic operator 1 + 7 [H, b] defined in (4.4a). We observe from this work, as well as in
[59, 115], that high-order DG methods are well-suited for the approximation of the solutions of
SGN equations. It is generally acknowledged that DG methods exhibit several appealing features
(i.e. local conservation, stability, a straightforward ability to handle arbitrary high-order polyno-
mial approximations, a great geometrical discretization flexibility, compact stencils and minimal
inter-element communications). Beyond these general features, using DG method provide a general
and unified discrete framework allowing to accurately approximate both the hyperbolic and elliptic
parts of the SGN equations. Keeping nearshore oceanography applications in mind, the robustness
of DG methods in the vicinity of sharp gradients also appears to be well suited for the description
of wave steepening and breaking, see for instance [137]. Such features may also allow to easily
introduce adaptive algorithms (refining or coarsening a grid can be achieved without enforcing the
continuity property commonly associated with the conforming FEM), together with the use of high
order polynomial approximations away from breaking and run-up areas.

However, considering the SWIP-DG method of [51] for the classical SGN equations (the
Model 1 of [51]), we are not able to ensure the discrete coercivity for the discrete counterpart

of the elliptic operator 1 + 7 [H,b] defined in (4.4a) (see Remark 3 of [51] for details). As
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an answer to this drawback, we focus in this work on the construction and validation of a new
Symmetric interior Penalty discontinuous Galerkin formulation that is well-posed for the elliptic
operator H (1 + 7 [H, b]). This new formulation shares with the formulation introduced in [51] the
appealing symmetry property and it is especially designed so that a discrete coercivity property is
ensured, with a negligible computational overhead. Asin [51], the stability threshold on the penalty
parameter is still independent of the interface values of both H and b and it naturally allows to deal
with the discontinuous nature of the discrete elliptic problem’s coefficients in a stable and consistent
way. Our numerical investigations show that this approach leads to an excellent agreement with
data taken from several experiments.

4.2 The Serre-Green-Naghdi equations

Still focusing on the horizontal one-dimensional (1d) case, we denote by n = H + b the total free
surface elevation, as shown on Figure 4.1.

Figure 4.1: Free surface flow description and notations.

The Serre-Green-Naghdi equations, as reformulated in [20], read as follows:

om + 0yq =0, (4.5a)
8iq + 0x(vq) = — (1 + T[H,b])™' Q[H,b](n, V), (4.5b)

where the linear operator T[H, b]- and the nonlinear operator Q[ H, b] are defined for all smooth
enough scalar-valued functions w by

T[H, b]w = HT[H, b]%, (4.6)
Q[H,b](n,v) = gHOxn + HQ[H, b](V), 4.7)
Qi[H,b)(w) := —2R[H, b]((8.:w)*) + Ra[H, b](wdx)*D). (4.8)

This formulation has several advantages. In particular, it does not require the computation of third
order derivatives and, as shown in the theoretical analysis of [5] and in our previous works [20,
29, 60], the presence of the operator (1 + T[H,b])~' makes the model robust with respect to high
frequency perturbations.
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4.2. The Serre-Green-Naghdi equations

In [51], in order to build a discrete formulation associated with 1 + T[H, b| and relying on a
symmetric discrete bilinear form, it is observed that, assuming that the water depth H is bounded
away from zero, it holds that, for any sufficiently smooth scalar-valued function v:

A%
70

(I+T[H. b))y = HA+T[H.b) -

where, for any sufficiently smooth scalar-valued function w:
1 1
H(l + T[H,b)w = —gax(maxw) + (H + Eax(Hzaxb) + H(0:b)* | w. (4.9a)

The approximation of the right-hand side of (4.5b) may consequently be computed as the solution
of a non-homogeneous diffusion-reaction-like elliptic problem, with a time-dependent reaction-like
coeflicient defined as H + %GX(H 29,b) + H(d:b)*. A Symmetric Weighted interior Penalty discon-
tinuous Galerkin (SWIP-DG) discrete bilinear form is proposed in [51], with non-homogeneous
and time-dependent diffusion-like and reaction-like coefficients respectively defined from discrete
approximations of v[H] and B[ H, b]. However, as already pointed out in [51], one main drawback of
this formulation is that the sign of the reaction-like coefficient H + %8X(H 20,b) + H(b)? depends
on the sign of 0,(H?d,b). As a result, we are not able to ensure, for all topography configurations,
a discrete coercivity property for the proposed discrete counterpart of the operator H(1 + 7 [H, b]).

In order to design a new symmetric DG formulation with better properties, let recall first that
SGN equations are rigorously justified in [5], in which a well-posedness result is proved for the
general two-dimensional case with varying bottom using a Nash-Moser scheme. This result has
also been obtained using a Picard iterative scheme in the one-dimensional case in [85].

More precisely, in the d = 1 case, assuming that the initial data (179, up) € H*(R) x H**!(R) with
5 > % (where H*(R) is the Sobolev space of functions v € L2(R) such that their weak derivatives
up to order s have a finite L?-norm) and that b € C.°(R) (where C,°(R) is the space of infinitely
differentiable functions that are bounded together with all their derivatives), then there exists a
maximal time fy,x > 0, uniformly bounded with respect to u, such that SGN admits a unique
solution (,u) € C([0, tmax], H*(R) X H**!(R)). This result can be extended to finite domains and
periodic boundary conditions. In particular, we recall the following result:
Proposition 4.1. Assuming b € C,°(R) andn € WL(R) such that

3H,, inf H=n—-b > H,.
xeR

then the operator
H(1 +7[H,b]) : H*(R) —» L*R),

is well-defined, one-to-one and onto.

Proof. The detailed proof is given in [85] for the nondimensionalized equations. Let just recall
here that the following identity holds:

HT[H,b] = (Si[H,b))*H Si[H,b] + (S2[b])*H S,[b], (4.10)
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where the first and zero order differential operators S;[H, b] and S,[b] are defined as follows:

H 1
S\[H,b] = —8, — ﬁaxb, S:[b] = 5:b,

V32

with adjoint operators

w1 V3
(S1[H,b])™ = _%ax(H’) Y

Considering the bilinear form defined and continuous on H'(R) x H'(R) by:

0xb,  (S2[b])* = S2[B].

a(v,w) = (HS1 [H,b]v,S1[H, b]w) + (HSz[H, blv,S:[H, b]w) + (Hv,w), “4.11)

where (-, -) refers to the L?-scalar product, we have:
a(w,w) = (H(1+ TTH, b)w, w) = Hy (Il + IS, bIwll> + [1S2061w]?)
so that H(1 + 7 [H, b]) is one to one. We additionally have

He (Il + IS L, D] + 18206191 = € w113 s,

proving that a(-,-) is coercive on H'(R) and from Lax-Milgram theorem, for all f € L?(R), there
exists unique u € H'(R) such that, for all w € H'(R), a(u,w) = (f,w). O

In the following, we aim at designing a new discontinuous Galerkin formulation for SGN
equations that mimics these properties. Denoting by w := (1, g) the vector collecting the primal
variables, using the following pre-balanced splitting (we refer the reader to [107] for details on the
pre-balanced formulation) of the hydrostatic pressure term:

1
gHO,( = Egaxmz — 2n1b) + gndxb, (4.12)

recalling that for any w € H%(R), we have:

(1+T[H,b)w = (H + (Si[H.b])*H Si[H,b] + (Sa[b])H S:(b]) 7
and introducing an auxiliary variable p, system (4.5) can be equivalently reformulated as follows:

ow + 0yF(w,b) + D(w, b) = B(w,0,b), (4.13a)
(H + (S1[H,b])*H Si[H,b] + (S2[b])*H S2[b])p = Q[H, b](n,V), (4.13b)

where

F(w.b) = (?(qu b)), B(w,d,b) = (—gr(y)axb)’ D(w, b) = (Hp—gHaxn)’ (4.13¢)
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4.2. The Serre-Green-Naghdi equations

and the nonlinear pre-balanced flux is defined as

o
F (W, b) := vq + Eg(n2 — 2nb).

This last formulation highlights the fact that the SGN equations can be regarded as a dispersive
correction of order O(u) of the nonlinear hyperbolic shallow water equations. This dispersive
correction is related to the source term D(w, b) in (4.13a), and is obtained from the solution of an
auxiliary scalar and linear second-order elliptic sub-problem (4.13b). Additionally observing that

(H + S [H,b|*H S[H,b] + Sa[b]*H Sz[b])w
= Oy(—k[H]0xw) — B[H, 0xb]0w + Ox(B[H, 0rb]w) + 6[H, Ob]w,

where
I 5 V3 1 2

k[H] = §H , BIH,0,b] = TK[H]Z)([H, oyb], O0[H,0,b] = x[H,0.b]" + H, (4.14a)

and 1
x[H,0:b] = H20,b, (4.14b)

system (4.13) may be written as

oyw + 0,F(w,b) + D(w, b) = B(w, d,b), (4.15a)
ax (_K[H]axp) - ﬂ[H7 axb]axp + ax(:B[H’ axb]p) + 5[H9 8xb]p = Q[Ha b](r],V), (415b)

which is the formulation upon which our new discrete bilinear form is designed in the next section.
Remark 4.2. In practice, the numerical solution of (4.5) is sought in a bounded spatial domain
Q c R (which reduce to line segments in the d = 1 horizontal surface dimension). To close (4.5),
we have to prescribe suitable boundary conditions. Formulation (4.15) highlights that boundary
conditions should be provided for the primal variables w := (n, q) but also for the auxiliary variable
p, for the corresponding discrete problem to be well-defined on €. In the following, we consider
only reflexive boundary conditions, which aim at mimicking the presence of a solid-wall, and which
may be obtained by enforcing :

O0xnjga = 0, q00 =0, Oxpjaa = 0. 4.16)

All the following analysis may be reproduced in the case of periodic boundary conditions, adapting
the discrete formulation accordingly.

Remark 4.3. In the flat bottom case, SGN equations admit solitary wave solutions of amplitude
egHy, which have known formulae in a closed form:

n(t,x) = Hy + €Hy sech? (k(x — ct)) , q(t,x) =c(n(t,x)— Hy), ¥Vt 20,Vx € Q, (4.17)

with k = 4H33£+8) and ¢ == \/gHp(1 + &).
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Remark 4.4. It is classical that the frequency dispersion of (4.5) can be improved by adding some
terms of order O(u?) to the momentum equation, see for instance [111, 166]. Since this equation
is already precise up to terms of order O(u?), this manipulation does not affect the precision of the
model. As shown in [20], an improved version of the SGN equations reads as follows:

i1 + Oxq = 0, (4.18a)
0+ 0u79) + T gHOm = — (1 + T D) QuIHBIT).  (A18b)

with |
QulH,bIn. ) = —gHiu + HQ[H, bI®), @19)

where a may be set to 1.159 in order to provide a better description of the wave in intermediate
or even deep water, in addition to the shallow water zone. With such optimization, system (4.15)
becomes:

0w + 0,F(w,b) + Dy (w, b) = B(w, d,b), (4.20a)
0y (—k[H]0xp) — B[H, 0,b]0:p + d:(B[H, 0,b]p) + 6[H, d.blp = Qu[H, b](n, V), (4.20Db)
where
_ 0
Do (W, b) = (Hp B éch?xn)’ 4.21)
and
a 3 \/§ 1 2
k[H] = §H , BIH,d.b] = TK[H]ZX[H, 0yb], O0[H,0.b] = x[H,0,b]" + H, (4.22)
Y[H,8.b] = aZHZd.b, (4.23)

which is the formulation upon which our new discrete bilinear form is designed in the next section
(note that choosing a = 1 allows to recover (4.15)). The subscript index « is removed in the
follwing.

4.3 Discrete formulations

In this section, we design a new discontinuous Galerkin (DG) discrete formulation for the SGN
equations, as written in (4.20), supplemented with suitable boundary conditions (see Remark 4.2).
For the sake of simplicity, we only consider the case of reflexive boundary conditions (4.16) in
the following. Although we work here in one space dimension, we keep the notations as close
as possible to the classical one for DG methods in higher space dimensions, both to facilitate the
reader familiar with DG methods, and to make easier the extension to two space dimensions.

4.3.1 Setting and notations

Let Q C R denote an open segment with boundary dQ2. We consider a partition 7, of Q in |7;|
open disjoint segments 7" of boundary 0T such that Q = (rez, T. The partition is characterized by
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4.3. Discrete formulations

the meshsize h := maxreg; hr, where hr is the length of the element 7. For all T € 7j,, we denote
by n7 the unit outward normal taking values in {—1,1} on 9T, and by x7 its barycenter.

Mesh faces, reduced here to vertices, are collected in the set 7, partitioned as 7, = 7—'}: U Thb,
where 7—‘,1‘ collects the interior vertices and Thb the (two) boundary vertices. The abscissa of a vertex
F € ¥y is denoted by xr, and we let iy denote the minimum length of the mesh elements to which
F belongs. Forall T € 7;, 1 := {F € F;, | F C 0T} denotes the set of vertices in T and, for all
F € Fr, nrr is the unit normal to F pointing out of 7. For any interior vertex F' € 7—2 we choose
an arbitrarily oriented but fixed unit normal ng, and we set ng := nyp for all boundary vertices
F c 0T N 0Q. The maximum number of mesh faces composing the boundary of mesh elements is
denoted by

Ny = max card(¥7),
TeT;,

(and we obviously have Ny = 2 in the present setting). Given an integer polynomial degree k > 1,
we consider the broken polynomial space

PYTh) = {v e LXQ)| vy € PXNT) VT € T}, (4.24)

where P¥(T') denotes the space of polynomials in T of total degree at most k.

For a given final computational time f,,x > 0, we consider a partition (t")y<,<y of the time
interval [0, fymax] With 0 = 0, £V = #0 and 7! — " =0 At". More details on the computation of the
time step At" and on the time marching algorithms are given in Section 5.3.4. For any sufficiently
regular scalar-valued function of time w, we let w” := w(t").

We introduce the following inner products for regular enough scalar-valued functions v, w:

(v.w)q ::/v(x)w(x)dx, (vow), = /v(x)w(x)dx VT € T (vaw)p = (vw)(xp) VF € Fp,
Q T

and we denote respectively by ||v||o = (v,v)é, iy = (v,v)é and ||v||p = (v,v)é the corresponding
L? norms. For all T € 7j,, we denote péﬂ the Lz—orthogonal projector onto Pk (T) and p% the L2-
orthogonal projector onto P¥(7;). Similarly, we denote I}‘ the element nodal interpolation into
PX(T). The corresponding nodal distributions in elements and edges are approximated optimal
nodes introduced in [31], which have better approximation properties than equidistant distributions.
The global I% interpolation into P¥(7},) is obtained by gathering the local interpolating polynomials
defined on each elements.

For further use, we recall the following classical discrete trace inequality (see, e.g., [50,
Lemma 1.46] for proof and details related to the mesh regularity parameters):

1
Vo € PK(T), VT € Ti, YF € F7, 12 il < Cor vllz (4.25)
where the constant C;. only depends on k, the horizontal surface dimension d, and the mesh

regularity parameters.

4.3.2 Symmetric and Weighted interior Penalty discrete bilinear form

Let k,3,0 € L®(Q) denote uniformly bounded coefficients and set, for the sake of simplicity,
Kr = K, Br = Bjr and 67 = Oy for all T € 7). Following [52, 55], we define the jump and
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Chapter 4. A New SWIP-Discontinuous Galerkin formulation for the SGN equations

weighted average operators such that, for a sufficiently regular function ¢ and an interior vertex
F e 7—;; such that F ¢ 0Ty N 07> for distinct mesh elements 7 and 7>,

KT; .
lelF = eom — @y {odor = wer +wien, wi=——— Vie{l,2}. (4.26)
KT, + KT,

In what follows, and when no confusion can arise, we omit the subscript F from both [v],, » and
{v}wr. When k = C in Q for some real number C > 0, we have w; = wy = %, and also the
subscript w is omitted. The definition of the average and jump operators at boundary vertices
depends on the selected variable, according to the prescribed boundary conditions. We refer the
reader to [50, Section 4.5] for a discussion on the role of weighted averages and harmonic means

in the context of heterogeneous diffusion problems.

For further use, let consider the following bilinear form ay,(«, 3, 6; -, ) defined on P*(7;,)xP*(7;,):

an(k.B.5: v wn) = Y (kDvi down)p + Y E(2L [y, [wal)

TeT, FeF, hF

- Z ((’{Kafvh}w, [wa]) 7 + (ﬂvh]],{{Kafwh}}w)F)
Fefy

= > BV dswa)y = > (0w Bwn)y 4.27)
T€T, T€T,

+ > ((EBvAYor Dwn]) -+ ([val ABwaY) )
FeF,

+ Z (6vh,wh)T,
TeT,

with a k-dependent penalty parameter y, r defined as follows: In (4.27), £ denotes a user-defined
parameter sufficiently large to ensure coercivity (see Proposition 4.8) and 0/ has to be intended
as the partial derivative along x localized to mesh elements of 7}, that is, for a given function

vip € PE(TR), (01vi)ir = Ox(vapr).

Remark 4.5. Taking 8 := 0 and 6 := 0 in (4.27), one obtains the Symmetric Weighted interior
Penalty-DG bilinear form of [52, 55] associated with heterogeneous diffusion problems, while
taking k = %H3, B =06 :=H+ %Gx(Hzaxb) + H(8,b)?, one recovers the SWIP-DG method
associated with H(1 + T [H, b)) introduced in [51].

4.3.3 Discrete gradient and Laplace operators

As in [51], in order to discretize the linear and nonlinear operators that appear in our models,
we need discrete counterparts of the gradient and of the Laplacian applied to broken polynomial
functions. For any v;, € PX(7;), we define the following global lifting of the jumps of v; (see,
e.g. [50, Section 4.3]):

RE(Dval) = D (vl

FeF,
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4.3. Discrete formulations

where, for all F' € ¥, the local lifting operator rﬁ([[vh]]) € PX(75) is defined as the unique solution
of the following problem:

(rE(vaon) g = (vl fwndnr) . Vi € PX(T),

with {i;,} standard average operators given by (4.26) with w| = wy = % at interior nodes and
extended as described in the previous section to boundary nodes. Following [50, Section 2.3], we
define the discrete gradient operator th : PX(7) — P*(75) such that, for all v, € P*(75),

Vivn = 0vy, — RE([va])-

This gradient has better consistency properties than the broken (element-by-element) gradient ",
as it accounts for the jumps of its argument through the second contribution; see [49, Theorem 2.2]
for further insight into this point. Taking inspiration from [88, Eq. (2.10)], we also introduce the
discrete Laplace operator Aﬁ : PX(75) — PX(73,) such that, for all v, € PX(7;,), Aﬁ(vh) solves

—(Afvin) g = @ (Vi Yn) Vi, € PX(T),

where the bilinear form azlp(vh,wh) is given by (4.27) with the particular choices k == 1, 8 =0
and 6 := 0. It can be proved that, for any v € H}(Q) N H**!(Q), it holds
inf [|Vv = VFv,|| < ¥, inf  [lav — Ak, s BFY,
vh €PK(T) vi€P*(Ty)

where a < b means a < Cb with real number C > 0 independent of the meshsize /4, and the second
estimate further requires mesh quasi-uniformity.

4.3.4 The discrete problem

Let now b, € P*¥(7;) denote a piecewise polynomial approximation of the topography parame-
terization b which can be obtained either by L?-orthogonal projection (i.e. b; = ﬂz(b)) or by
interpolation (i.e. b;, = 7, h" (b)). Note that any order of approximation may be used for the def-
inition of bj;, and in what follows, we choose the same order k as for the primal variables, for
the sake of simplicity, and the following shortcuts are introduced: Vb;, = th by, Aby, = A’;lbh and
V3b, = th(Aflbh). The semi-discrete in space discontinuous Galerkin approximation of (4.20)
reads:

Find wj, = (7n, q1) € (PX(73))* and p, € PX(73) such that, for all (¢4, ¥1) € (P*(77))%,
(0rWn on) o + (An(Wa), 1) g = 0, (4.28a)
an(K[Hp], BLHp, Vbu1, 6[Hp, Vou1s 0nn) = (QulHp, bpl(mn un)s i) o (4.28b)
where

1. the discrete nonlinear operator Ay in (4.28a) is defined by

(AWh), 0n) = — Z (F(wn, bi), 0x0n) 1
T€T,

+ 20 (Freon) g + (Di ) g — (BOWi, Vi), 0n) o,
TeT FeFr

(4.29)
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and the discrete dispersive correction is defined as follows

0
Dy, = , 4.30
(On#1)q (Hipn — LgH Y nn, @) (4.30)
ET F being a suitable approximation of the normal face fluxes F(wy, by,)-nyp, see Section 4.3.5
below.

2. The discrete operators «[H}|, B[Hp, Vby] and 6[Hy, Vby,] are obtained according to (4.22)-
(4.23), and recalled here:

k[Hy] = %H,f, (4.31a)
BIH) Vby] = %{Hh]%x[ﬂh,w?h], (4.31b)
S[Hp, Vby] = x[Hp Vbu]* + Hy, (4.31c¢)
with
Y[Hp, Vby] = a%Hj o (4.31d)

3. The discrete nonlinear operator Q[ Hp, by] in (4.28b) is defined by

1
QnlHp, br)(mp, up) = Eththnh + HyQyp[Hp, by (up).
where, for any w), € PX(T5),

b 4
QuplHy, bi](wy) = 2H, VF(Hy + Th)(thWh)z + gH;%thWhAI;,Wh

H
+ HyAby(VEwp)wy, + (Vh"nhAbh + Thv%h)wﬁ.

4.3.5 Interface fluxes and well-balancing

The high-order reconstructed numerical flux detailed in [61] is a good default choice to approximate
the interface fluxes F(w, b)-nz, allowing to obtain a well-balanced scheme that preserves motionless
steady states for SGN equations. Considering T € 7, and F € F7 N Té and denoting by w™, w*,
respectively, the interior and exterior traces of wj, on F, with respect to the element 7 and b~ and
b* the interior and exterior traces of by, on F, this numerical flux relies on reconstructed interface
states W™, W, b such that

isTF = FMW',W*,E, ];, nTF) + ETF, (432)

where F, is the Lax-Friedrichs flux and ET r is a high-order correction term. The reader is referred
to [51] for the detailed formulations.
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4.3.6 Time discretization

Supplementing (4.15) with an initial datum w(0,-) = w°, the time stepping is carried out using the
explicit SSP-RK schemes of [73]. For k < 3, we consider SSP-RK schemes of order (k + 1). For
instance, writing the semi-discrete equation (4.28a) in the operator form

Orwp, + Ap(wp) =0
we advance from time level n to (n + 1) as follows with the third-order scheme as follows:

1
Wy = wy — A" Ap(w)),

w

1 1
"2 = 70w, + wrh) - ZAt”ﬂh(w’;’l),

2
witl = —(Wh + 2W”2) - gAt"ﬂh(WZ’z),

where W , 1 <i < 2, are the intermediate stages, At is obtained from the CFL condition (4.33),
and the dlscrete initial data w¥ , 18 defined either as the L?-projection or interpolation on (P*(7;))?
of wo. For k > 3, the five stages fourth order SSP-RK scheme of [150] is used (the details are
omitted for the sake of simplicity). The corresponding time step At" is computed adaptively using
the following CFL condition (see [38]):

1 hr
A" < mi ( ) 433
2k +1 Te7;, or ( )
with
o7 ‘= max ( gt nr| + \/th|T) .
oT hT

4.3.7 Positivity of the water height

While we choose not to focus on the issue of preserving the positivity of the water height in this
paper, we emphasize that the proposed discrete formulation is compatible with the strategy of [59,
60] that ensures that the mean value of the water height remains positive, itself based on the ideas
of [172, 178]. This approach is briefly recalled in the following. Let consider H h|T(x) obtained at

the discrete time ¢ from the fully discrete previous dG formulation and I-_Ig its average. Assuming
that VT € 7, H; > 0, we want to ensure that V7' € 7, H;f” > (0 without destroying the order of
accuracy. For each element 7"

1. let ST = {rT} j=1,..a be the set of d Legendre-Gauss-Lobatto (LGL) points on the element
T, and {0 } j=1,..a4 the corresponding quadrature weights. d is chosen such that the associ-
ated quadrature rule is exact for polynomials of degree k (i.e. 2d —3 > k). We compute

n _ n T
my = rTmér}T Hh|T(r ).

2. we modify h|T(x) in order to ensure that it is positive at the previous set of d LGL nodes.
This is done using the following conservative accuracy-preserving linear scaling around the
cell average:

h|T(x) = 07( h|T(x) - H}) + H}. (4.34)
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where
[__In

0;2 = min (_l’l—Tn’ 1) .
Hy —my

We deduce from (4.34) a modified polynomial ﬁh|T(x) of order k, which is used to compute the

numerical fluxes (4.32). Thus, following [172, 178], the positivity of the mean water height I-_I?“,
as well as the positivity of H;' at chosen quadrature nodes, is ensured under the condition :

Al’l
< wy. (4.35)
e
In practice, we have w; = % for N = 2,3 and w;| = ﬁ for N = 4,5. Note that new a posteri-

ori strategies based on Finite-Volume subcells and local flux reconstructions are currently under
investigations.

4.3.8 Well-posedness of the discrete elliptic sub-problem

We show, in this section, that the proposed discrete bilinear form in (4.28b) is symmetric, consistent
with the elliptic operator H(1 + 7 [H, b]) and enjoys some discrete coercivity property, provided
that the penalty coeflicient £ is large enough, so that the corresponding discrete problem (4.28b) is
well-posed.

From definitions (4.27) and (4.31), we have:

an(k[Hpl,B[Hp, Vi, 6[Hp, Vbp];vp, wy) = Z (K[Hp10xvh, Oxwh) 7 + Z f();:f [val, [wa])
TeTy, Fefy,

- Z (({{K[thai’vh}}w, [wa]) - + ([[Vh]],{{K[Hh]é’fWh]}w)F)

Fe?—'h
_ X2 Z ( % x[Hp, Vby]vp, Ox wh) (K[Hh]%X[Hh,Vbh]axvh, Wh)T)
TeT
ﬁ Z (({{K[Hh]%X[Hh,Vbh]Vh}}w, [wal) - + (vl {K[Hh]%X[Hh’Vbh]Wh}}w)F)
FeF,
+ Z (O [Hp, Voiu1* + Hp)vi, wh) ;-
TeT,

(4.36)

This discrete bilinear form is obviously symmetric. In the following, we consider some smooth

and uniformly bounded initial data wo = (10,90) € C,°(€2) X C,°(€2), together with b € C.°(R),

so that the associated exact solution w = (1, g) of (4.20a), and the exact solution p of the elliptic
problem (4.20b) satisfy the following jump conditions:

VE € Fp, [plr =0, [H]r=0, [0:D]F=0. (4.37)
Proposition 4.6. (Consistency)

Ywi € PX(Th), an(k[H], B[H, 8.b), 6[H,8:b]; p,wn) = (QIH, b](1, ), wi) -
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Proof. We set @ = 1 in the following, for the sake of simplicity. To check the consistency of the
discrete elliptic sub-problem (4.28b), we set v, := p, H, :== H, by, := b, Vb, = 0,b, k := k[H],
B = B[H,d,b], 6 := 6[H,0.b] in (4.36), to obtain:

1 1
ah(K[HLﬁ[H, axb]’ 6[H9 axb];p, Wh) = Z (§H3axp’ a)cWh)T - Z (§H36xpa [[Wh]])p
TeT, FeF,

1 1
~ N (H20,bp, Bown) + 3 Z (H?0,:byp, [wi])

2
T, FeFy,

1
=5 2 (H0:b 0. wi) + ) (H(@:b) + Dpow) .
T€T, TeT,
(4.38)

and after integration by parts:

an(k[H), BLH, 8,b),61H,0.b]; p,wa) == ) (ax%Hzaxp), Wi g + % D (0x(HD,bp), wa) 7

TeT, TeT,
1
=5 D (H0:b 0. wi) + ) (H(@:b)* + Dpown)
TeT, TeT,
(4.39)
so that ay(k, B,9; -, -) is consistent in the following sense:
an(k[H], BIH, 0xb),6[H, d:b];p,wy) = (gHOxn + Qi[H, bl(u),wp) oy  Ywi € PX(Tp).
Oa

In order to formulate the discrete stability result, let introduce the following norm, for all
vy € PX(Th),

Lon P 2 I 2\
lvall = ([t o]+ Ieten Voulvally + Bl +wal2,) ", @40)
Q

with the jumps seminorm

1/2
ol = ( D %F ol ) (4.41)

Fery
Before addressing the discrete coercivity, we need some bounds on the boundary terms, which

are addressed in the following Lemma.
Lemma 4.7. For all (v, wp,) € (PX(73))%,

2

Hy 120" Pl 4.42
K[Hp] 0y vir - nr Wiljw — (4.42a)
F

Z ({k[HpOMv A}, [wil) p| < (Z Z hr

FeFy, TeT, FeFr

1 /
Z (£x[Hn12 x[Hp, VorIvi Yo, [Wh]) | < (Z Z hF||X[Hh,Vbh]|TVh|T'nF”?;)l lehlj,K.

FeFy TeT, FEFr
(4.42b)
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Proof. Inequality (4.42a) is shown in e.g., [50, proof of Lemma 4.50]). For all F € Th’ with
F = 0Ty N 07>, let introduce the following convenient shortcuts w; = wr, r, & = k[Hplir, xi =
X[Hp, Vb1, and a; = x;vpr, - nr,i € {1,2}. The Cauchy-Schwartz inequality yields

(Sl

({x[H)]

1 1
X[Hp, Voplva Yo Wal) p = (w2k] ar + wik; az, [wi])

1 L
< (3helarl: + llaol)’

1 1
X (2(a)§l<1 + (U%Kz)E ||[[wh]]||§7 ) 2’

and since Z(w%/q + U)%Kz) = y«.F, We infer

(XL oY ) < (3heClanlt + laal)” x (25)° [l

Moreover, for all F € F with F = 0T} N 0Q,

1 i Vi, F 3
(RTHTE [, Vilvados [wn]) < i [Dervirnell o ) il
Summing over mesh faces, using the Cauchy-Schwartz inequality, and regrouping the face contri-
butions for each mesh element yields the assertion. O

Proposition 4.8. (Discrete coercivity) For all § > & = 2V3(1 + %CﬁNa)(Z —V3)~!, where C,,
results from the discrete trace inequality (4.25), the bilinear form defined by (4.36) is coercive on
PX(7,) with respect to the ||-|||-norm, i.e.,

3Ce > 0, Vv, € PY(TR),  an(k[Hnl, BLHp, Vbil, S[Hp, Vil vivi) = Cellvall®,
where C¢ depends on & and Cy,.

Proof. Again, we set @ = 1 in the following. Let v, € Vj, owing to the discrete trace inequality
(4.25), we have

2

3 ah 2 Lon |12
Z Z hr K[Hh]|Taxvh|T-l’lF < C; Ny K[Hh]zaxvh R
TeT, FeFr
2
D" he || UHR Vouligvir - nellp < CEN ILx[Hi Voulvally,
T, FeFr

and we infer from (4.42a)-(4.42b) that

1 1
> (K LHA X[ Vou1vi ke [v4]) | < CorNG 1LY THR VEnIvalley 1Vl
FeFy,

1 1
D" (UKo o) | < N |[<UET 0w vl
FeF,
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Using Cauchy-Schwartz and Young inequalities, we also have

Lo P 1 2
= ||«[Hr]2 05 vn ot3 | x[Hn Vor]vallg -

1
Z («[Hp]2 x[Hp, VBR10,vh, vi) 7| <
T,

As a result,

2 1
an(k[Hyp), BlHp, Vb11.0[Hp, Vby]; vi, vi) > HK[Hh]%a;?VhHQ —2CyNy

1
K[Hh]zafvhHQ [Viljx

1
+ v+ L TH VBulvll3y = V3CoN; 1L LHy Voulvalla vl
V3 V3

- = 5 U Vvl + ||,

> K[Hh]%afvh

2
o

We now use the following inequality: let o be a positive real numbers, let & > 202, then

— 202
V(x,y) €R%,  xX—20xy+ é—;yz > %(xz +y2). (4.43)

1

Applying this inequality twice, one for o = C;; N, x = HK[H;,]%afvh‘

)= [Valj«, and the

1
other for o = gC,,Naz, x = || x[Hn Voulvillg, ¥ = [valjx. introducing Cy = (£ —207)(2+ &)™,
C = (& - 20-22)(2 +&)7!, and choosing & such that C; — \/75 >0, i = 1,2, we infer,

‘/§ L .n 2
an(k[Hp),B[Hp, Vby], 6[Hp, Vby]; vi, vi) = (Cr — 7) k[Hp]20; v o

V3 1P
+(C2 = =) I H Toalvilly + (€ + Coll, + ||,
and finally

an(K[Hyl, BIHy Vb1, 6[Hp, Vb 1s v vi) = Clllvall®,

with C = min(C) — \/75, G — ‘/75, C) + (5, 1) > 0. We remark that choosing the penalty coefficient &
V3 2V3+40?
large enough to enforce C; — 5= > 0 leads to & > SRV
A straightforward consequence of the Lax-Milgram lemma is that the discrete problem (4.28b)
is well-posed.

O

To establish the error estimate, we assume in spirit of [50], that the exact solution of (4.15b)
satisfies the following regularity assumption:

p eV, = HX(Q) + PXT;). (4.44)

We define on V;, the norm,

lvall. = (Ivall+ Y hr

TeT,

2

=

1
Y an
K[Hh]fTax VT * T

+ Z hr || x [Hp, Voilirvar - ”T“ZT) .
TeT,
(4.45)
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Lemma 4.9. (Boundedness) There is Cpyg, independant of h,k and y, such that

Vpwi) € V. x PXTR),  an(k[Hy1,B[Hp, Vbul,6[Hp, Vb 1: vie wi) < Conallvallllwall-
(4.46)

Proof. Let (vy,wy) € Vi X P*(74). We observe that

ap(k[Hy,B[Hp, Vby, 6[Hp, Vbp]; v, wp) = Z (K[Hp10xvh, Oxwh) 7 + Z f(YK’F [val, [wa])

e, fer hF
- Z (({{K[thai’vh}}w, [wa]) - + ([[Vh]],{{K[Hh]afwh}w)F)
FeF,
_ ? ((K[Hh]%X[Hh,Vbh]Vh,axwh)T + (K[Hh]%X[Hh,Vbh]axvh’ Wh)T)
TeT;,
+ ? Z (({K[Hh]%X[Hh,Vbh]Vh}}w, [wil)  + ([val, {k[H)]2 X[Hh,Vbh]wh}}w)F)
FeFy,
+ > (O[Hp VBA) + Hy)vi, wh) s
TeT,
=0, + -+ 0,

(4.47)
Using the Cauchy-Schwartz inequality, we get

lo, + 0,1 <= (L +Ollvalllliwall,

moreover, using (4.42a) and (4.42b) ,

051 < llvalllclwnlju < lvalll.liwalll,

3 3
o0 < Sl bwilia < == vl vl

by the definition of the |||-||.-norm. Still owing to the bound (4.42a), (4.42b) and proceeding as in
the proof of lemma 4.8 leads to

1/2
|Q4| < CtrNa/ |Vh|j,K

1 1/2
<HP o < Gy vl

V3 1/2 V3 1/2
041 < 5 CorNy vl Il Vorlwalla < = Cor N3 llvall ol
proceeding as in the lemma 4.8 we infer,

s V3
<o < S lvallliwal

V3
los| < - W x[Hp, Voilvilla

Vil V3
ol < 5 |[<UHATE 0w LxLE Toitwnll < S vall vl
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4.3. Discrete formulations

log| < X [Hp, Vonlvallg [ X [Hp Vorlwnllg < llvalllliwall,

< [lvallliwalll,
Q

1 1
|Qlo| < H;fvh H}fwh

Q
collecting the above bounds yields the assertion with Cp,,q = (4 + % +&+(1+ g)Ct,N (;/ 2). O

A straightforward consequence of theoreme 2.8 together with Lemmas 2.9 and Lemmas 2.10,
is the following convergence result.

Theorem 4.10. ( Error estimate and convergence rate). Let p € V, solve (4.15b). Let pj, € PX(75,)
solve the discrete problem with ay, defined by (4.36) and penality parameter as in lemma 4.8. Then,
there is C, independant of h, k and y, such that

- <C inf — .
[l = pall L [P =l (4.48)
Moreover, if p € H*1(Q),
I = Palll < Cor Coht", (4.49)
with,
Co = ClIpllgrr(q) »
' e (4.50)
Ciy = Cnax(K2 + Yh + H2h + k2 + yh),
and _
&= |«[Hpll () » X = | X[Hn> VORIl Loy » H = [1Hpll () » 451
Conax = Max(Cly Ny min(ir, 12)'2Clryp Ny Copp CirNy 2 Cy). |

Proof. The proof of (4.48) is similar to that of theoreme 2.8.

To proof (4.49) we only need to proof this inequality ||p — palll. < CK,XCphk taking v, = 7p,
the L?-orthogonal projection of p onto P*(75).

1 2 Yk F 2
lle = mapll. = ||elHal 0l = )|+ > 2L o = mur
Q /’LF
FeF,
2

1
Hﬁvh

+ | x[Hp, VOu1(p — o) |5 +
Q

1 2 2
+ E hr \|k[Hp]202(p — mpp)yr - nr|| + g hr || X [Hp, Voilir(e = map)ir - nr|[ 57
or
TeT, T€T,

=0, 4+ 0,

Using Cauchy-Schwartz inequality and Lemmas 2.9 with m = 1 and s = k + 1, we infer

1 2 2
0, = Z HK[Hh]zax(p - ﬂhn)HT < [[«[Hp]ll =) Z 16+ = )z
TeT, TeT,
S E Z Cgpph%k ”p”?{kH(T)’
TeT,
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owing to triangular inequality and Lemmas 2.10, we infer

o< > > yer e —mo)r[

TeT;, FeFr

2k
< Z N@ mln(Kl’KZ) apph ”p”HkJrl(T)’
T€T,

still using Cauchy-Schwarz inequality and Lemmas 2.9 with m = 0 and s = k + 1, we infer

2 _ ”
= > IlH Vil = mipdelly < 0 D Cop P D ol
TeT;, TeT,
2

<8R D Rl g
T Te7,

0, = H, : (» — mpP)ir

TeT,

applying Cauchy-Schwarz inequality and Lemmas 2.10, yields

2
0= > |KH;0:(0 ~ mip)yr nrl| < Ikl
TeT, TeT;,
<K Z appNath ”p”HkH(T)a
TeT,
using (2.163) Lemmas 2.9 withm = 0 and s = k + 1, we infer
_2 2(k+1) 1.2
6 S X Z CapphT ”p”HkH(T) ) (4.52)
TeT

collecting the above bounds yields the assertion. O

4.3.9 Arbitrary order well-balancing property

We have the following well-balancing result, obtained as a straightforward consequence of the
well-balancing property for the (hyperbolic) shallow water equations (see for instance [61]) and the
previous well-posedness result for the elliptic sub-problem:

Proposition 4.11. The discrete formulation (4.28) together with the numerical fluxes (4.32) and
a first order Euler time-marching algorithm preserves the motionless steady states, providing that
the integrals of (4.28a) are exactly computed for the motionless steady states: For all n € N and
alln® € R,

(n) =n°and ¢} =0) = (172“ =n‘and ¢}*' = 0) :

This analysis can also be extended to the high order SSP schemes of Section 4.3.6 exploiting
the fact that the intermediate stages w’;l’l are obtained as convex combinations of forward Euler
substeps; see, e.g., [171].
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4.4 Numerical validations

In this section, we validate the previous discrete formulation through several benchmark problems.
In all the test cases, the time step restriction is computed according to the most restrictive condition
between (4.33) and (4.35). Exploiting the symmetry of the discrete bilinear form, the sparse linear
systems associated with the discretization of H(1+ a7 [H, b]) are solved using a Cholesky methods.
We set @ = 1 in the first three test cases, so that solitary waves of the form (4.17) are exact solutions.
In the other test cases, we use the optimized value @ = 1.159. We consider solid-wall boundary
conditions on the two domain’s boundaries. Some numerical accuracy and convergence analysis are
performed in test 1, using the L? norm defined, for any arbitrary scalar valued piecewise polynomial
function wy, € P¥(7,), as follows:

Iwal = (wiown) .

with

(V’W)'E, = Z (v,w)T.

TeT,

4.4.1 Solitary wave propagation

In this first test, we investigate the propagation of a solitary wave as defined by (4.17), over a flat
topography. Such solitary waves are exact solutions for SGN equations (4.15). The computational
domain is 200 m long, the reference water depth is set to Hy = 1m and the relative amplitude to
e = 0.1. The solitary wave is initially centered at xo = 80 m and we compute the L?-error between
numerical results and analytic solution for  and ¢ at + = 0.1 s on a sequence of progressively
refined uniform meshes. We start from mesh containing |7,| = 800 elements, and the computation
is performed in double precision arithmetic. The corresponding L>-errors are gathered in Figure 4.2

and we observe a scaling that lies between O(h’”%) and O(h*+1).

T
1075 N
-t
3.04 . P
~ 0t O oo = .
= 392 o
S o o
fm I (UL " P
dl.) 5 07 o - —
[ — — —_
~ o - /// ok =2
ot | 573 ok =31
— ok =4
— k=5
10-17 & l ! I | =
10-2-6 10-2-4 10-2-2 10-2 10-1-8
h

Figure 4.2: Test 1 - Solitary wave propagation: L?-error for the total free surface elevation 7 at
fmax = 0.1 s vs. h, for polynomial orders k = 2,3,4,5.
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4.4.2 Head-on collision of solitary waves

Let consider now the head-on collision of two identical solitary waves propagating in opposite
directions (see [44] for an extensive study). The collision of the two waves is associated with
a change of the nonlinear dispersion characteristics and the discrete formulation has to ensure
the equilibrium between amplitude and frequency dispersion in order to allow the propagation at
constant shape and speed. The computational domain is defined as Q = (—=200m,200m). The
initial condition is defined with two solitary waves (4.17) of relative amplitude £ = 0.2 initially
located at x = =50 m and x = 50m and with opposite velocities. The number of mesh elements
is set to |7;,| = 800, corresponding to a uniform meshsize of 7 = 0.5 m, and the polynomial order
to k = 2. We show on Figure 4.3 some snapshots of the free surface at several times during the
propagation, including a zoom on the dispersive tail generated after the collision. We observe that
the maximum wave amplitude during the collision is slightly larger than twice the initial amplitude,
in agreement with the results of [44, 118, 136]. The dispersive tail is very well reproduced, even
with this low number of mesh elements.

1.2 4 1.2

t=0s t=9s
E11] 1.1
L\
1.0 T T T T T T T l.o
] 1.2
1.4 t=14.5s t=29s
£ 15 1.1
e
10 T T T T T T T 10 T T T T T T T
r 1.01
1.2 t=60s t=60s \
E11] 1.00
e
1.01 . ; = = = ; : 0.99 , , , , , , ,
—-200 -150 =100 -50 O 50 100 150 200 0 25 50 75 100 125 150 175 200
x (m) x (m)

Figure 4.3: Test 2 - Head-on collision of solitary waves: snapshots of the free surface.

4.4.3 One dimensional dispersive dam-break problem

We now study the time evolution of a dispersive dam break problem over a flat bottom. We consider
the computational domain Q = (=300 m, 300 m) and the initial data is defined as :
Hp - H
H(0,x) = =——(1 —tanh(2)),  ¢(0.x) = 0,
X

with Hy = 1.8, Hg = 1 and y = 0.4, and the velocity is initially uniformly set to zero, reproducing
the set-up of [103] and emulating a piecewise constant initial data with a sharp variation initially
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located at x = 0. The number of mesh elements is set to |7,| = 1500, corresponding to a uniform
meshsize of &7 = 0.4 m, and the polynomial order to k = 2. As expected, the initial discontinuity
divides into a dispersive shock wave propagating to the right and a rarefaction wave propagating
to the left. We show on Figures 4.4 and 4.5 the structure of the water height and the velocity at
time ¢t = 47.5s. As pointed out in [64], the analysis of Riemann invariants of the shallow-water
system, coupled with the analysis of the Witham system for SGN equations, allows to approximate
the values (H*,u*) of the mean flow dividing the rarefaction wave and the dispersive shock zones:

- (\/H_L';\/H_R)z’ u* = 2H" — 2 Hp).

An asymptotic approximation of the amplitude of the lead soliton, denoted a* in the following,
may also be obtained :
+

1
a* = 00~ 507 + 0(ap),

where 0g = Hp — Hg denotes the initial jump value (note that the values provided in [64] are
obtained with nondimensionalized equations). Numerical results are compared with these values
and show very good agreement, as highlighted on Figures 4.4 and 4.5. We emphasize that, for
instance, the results shown in [103] or [157] are obtained respectively with 24000 and 8000 mesh
elements and second order Finite-Volume schemes, while the use of a higher-order scheme allows
us to obtain very satisfying results with only 1500 mesh elements.

184+———
1.6 1
E 141
e N A L
1.2 A
—— Hatt=47,5s
Hatt=0s
1.04 HR+a+ ,,,,,,,,,,,
e HY
-300 -200 -100 0 100 200 300

X (m)

Figure 4.4: Test 3 - Dispersive dam-break: water depth profile at t = 47.5 s.
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1.754 —— uatt=47,5s
u*

1.50 1

1.25 A ]‘
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: |

0.75 4
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0.50
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Figure 4.5: Test 3 - Dispersive dam-break: velocity profile at r = 47.5 s.

4.4.4 Reflection of solitary waves at vertical walls

In this section, we focus on the propagation and reflexion of solitary waves against a vertical wall.
We compare numerical results with two different sets of experimental data, coming for two different
experiments and involving varying bottoms.

In the first experiment, the spatial domain is 60 m long, the depth profile is piecewise linear, with a
slope s defined as follows:

0 if x <40,

s(x) = { 1/50 if 40 < x < 60, 4.53)

and terminated by a vertical solid wall located at x = 60 m. The reader is referred to [162] for a
complete description. The initial solitary wave, define from (4.17), is centered at x = 10 m m and
is propagating from left to right. The still water depth is Hy = 0.7 m. Two runs are performed
with two different initial solitary wave amplitudes, provided with relative amplitudes € = 0.1 and
€ = 0.171. The computational domain is uniformly discretized using |7;| = 100 mesh elements
and the polynomial order is set to k = 1. Experimental data are compared with numerical results
in Figure 4.6, in which time series of the surface elevation measured at a location near the solid
wall (x = 57.75) are shown. We can observe the two expected peaks corresponding respectively
to the incident and reflected waves and the discrete formulation provides a very accurate matching
between simulation and experimental data, especially concerning the amplitude of the waves.
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0.10 4 Q O data 0.175 O data

« —— numeric » —— numeric
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Figure 4.6: Test 4 - Reflexion of a solitary wave against a vertical wall (first test): time series of the
free surface at x = 57.75 m for € = 0.1 (left) and € = 0.171 (right) - Comparison between numerical
results (-) and experimental data (o).

In the second test case, we study the propagation of solitary waves over a composite beach which
mimics the geometrical dimensions of the Revere Beach. The original experiment was performed
in a tank by the U.S. Army corps of Engineers at the Coastal Engineering Research Center in
Vicksburg, Mississippi and is depicted in details in [154]. The spatial domain is 33,23 m long and
the constructed beach consists of three piece-wise linear segments, terminated with a vertical wall
on the left and the solitary wave is initially centered at x = 0, see Figure 4.7 for a sketch of the
corresponding initial set-up.

Figure 4.7: Test 5 - Reflection of a solitary wave on a composite beach: topography and initial free
surface.

The slope s of the topography is defined as follows:

0 if x<15.04,
] 1/53 if 15.04 <x <194,
SO)=Y 17150 if 194 < x < 22.33,
1/13 if 22.33 < x < 23.23.

(4.54)
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We focus here on the case (B) of the experiment € = 0.28 and we provide the solitary wave of
targeted height, centered at x = 0, as the initial condition. The computational domain is uniformly
discretized using |7;,| = 100 mesh elements and the polynomial order is setto k = 1. We observe the
propagation, reflection on the wall at the right boundary before traveling back to the left boundary.
Experimental data are provided as time series of the wave elevation at several gauges located along
the wave flume. We show on Figure 4.8 the comparison between data and computed results at wave
gauges 5, 7 and 9, respectively located at x5 = 15.04m, x7 = 19.4m and x9 = 22.33 m (exactly at
the locations corresponding to the slope variations). We observe a very accurate agreement, the
wave amplitude and celerity during the propagation and reflection are very well reproduced, even
with a very low number of mesh elements.

265 270 275 280 285 290

¢ (m)

265 270 275 280 285 290

Figure 4.8: Test 5 - Reflection of a solitary wave on a composite beach: comparaison between
experimental (o) data and numerical solution (-) at gauges 5,7 and 9 for case B (e = 0.28).

4.4.5 Shoaling of solitary waves

In this section, we investigate the dispersive properties of our model through the study of the
nonlinear shoaling of solitary waves over constant bed slopes. In what follows, we numerically
reproduce three different experimental configurations.

The first one relies on the data issued from the laboratory study performed at LEGI (Grenoble,
France) and detailed in [78]. We consider in this test at 36 m channel with constant bed slope 1 : 30
and a solitary waves propagating from the left boundary, with a water level at rest Hy = 0.25 m.
Measurements of the free surface are available in the vicinity of the breaking point during the
simulation, at several wave gauges. We consider 4 series of experiments, involving increasing
waves relative amplitudes, from € = 0.096 to € = 0.534. For each experiment, we compare the
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Incident wave amplitude: € = 0.096

Gauge location (m) [ 2430 | 2.215 | 1.960
Incident wave amplitude: € = 0.298

Gauge location (m) [ 3.980 | 3.765 | 3.510
Incident wave amplitude: & = 0.456

Gauge location (m) | 4.910 | 4.695 | 4.440
Incident wave amplitude: € = 0.534

Gauge location (m) [ 5.180 | 4.965 | 4.710

Table 4.1: Test 6 - Shoaling of solitary waves: LEGI experiment - Location of wave gauges for
solitary waves shoaling on a 1:30 sloped beach (relative to the shoreline).

numerical results with time series of the free surface elevation at several wave gauges (the exact
locations of the wave gauges are reported in Table 4.1).

Numerical results, obtained with |7,| = 400 and k = 2, are shown on Figure 4.9, together with
the corresponding experimental data. We observe that for the 4 experiments, the corresponding
shoaling and wave tranformations near the breaking points are very well reproduced.

Figure 4.9: Test 6 - Shoaling of solitary waves: LEGI experiment: comparison between numerical
(-) and experimental (o) time series of total free surface at three different locations before the
breaking point.

The second test is based on an experimental set-up detailed in [75], for an incident solitary
wave of relative amplitude e = 0.2, which propagates and breaks over a planar beach with a slope
of 1 : 35 in a computational domain of 85 m long and a water level at rest Hy = 1 m.
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Experimental data are provided as time series of the wave elevation at several gauges located along
the wave flume. We show on Figure 4.10 the comparison between numerical results (obtained with
|71| = 400 and k = 2) and experimental data measured from five different wave gauges located at
x1 =20.96m,xy = 22.55m, x3 = 23.68 m, x4 = 24.68 m, and x5 = 25.91 m, the last one being very
close to the breaking point. We observe an excellent agreement between numerical and measured
free surface elevation up to the breaking point.

Figure 4.10: Test 7 - Shoaling of solitary waves: Grilli et al. experiment - Time series of the
free surface elevation for the solitary wave propagating over the 1:35 sloping beach. (-) numerical
results, (0) experimental data.

The third test allows to study the ability of the proposed discrete formulation to deal with the
occurence of dry areas. We focus on the shoaling and run-up of a solitary wave over a beach
with constant slope 1 : 19.85, following the experiments of [153]. The incident wave is supplied
using (4.17), with a water level at rest Hy = 1m and € = 0.28m. The mesh is set to |7,| = 250
elements and the polynomial order to k = 2. The resulting numerical results are compared with
the experimental data at several times during the propagation (with a nondimensionalized time
t* = t\/g/Hp) and we observe a very close agreement, as shown on Figure 4.11. In particular, the
run-up is reproduced very well, and we do not have to artificially cancel the dispersive correction
in the vicinity of dry areas.
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X (M)

Figure 4.11: Test 8 - Shoaling of solitary waves: Synolakis ef al. experiment - Free surface profiles
(numerical results in solid lines, experimental data in cross) at several times during the propagation.

4.5 Conclusion

We introduce in this paper a new discontinuous Galerkin discrete formulation to approximate the
solutions of Serre-Green-Naghdi (SGN) equations. A new non conforming discrete formulation
belonging to the family of Symmetric Weighted interior Penalty discontinuous Galerkin methods
(SWIP-DQ) is introduced to accurately approximate the solutions of the second order elliptic
operator occurring in the SGN equations in the surface horizontal d = 1 case. We show that the
corresponding discrete bilinear form enjoys some consistency and coercivity properties. The global
discrete formulation is extensively validated through an extended set of benchmarks, including
some convergence studies for various polynomial orders of approximation and comparisons with
experimental data for the reflexion of solitary waves over uneven topographies and nonlinear
shoaling. Further studies will be devoted to the extension to SGN equations with vorticity based on
the models of [101], to the surface horizontal d = 2 case, and to a posteriori limitations methods
allowing to accurately handle the occurrence of dry areas within the framework of very high-order
DG methods.
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Chapter 5

Discontinuous Galerkin approximations of
rotational SGN equations

This Chapter gathers the works initially submitted in the following paper:

Zefzouf, M. and Marche, F. Discontinuous Galerkin approximations of rotational SGN equations,
submitted to J. Comput. Phys., 2022.
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Chapter 5. Discontinuous Galerkin approximations of rotational SGN equations

5.1 Introduction

The modeling of the propagation and transformations of free surface waves in an incompressible,
homogeneous and inviscid fluid can be achieved using the Euler equations supplemented with
nonlinear boundary conditions at the surface and at the bottom. Such equations are very complex
but, in the particular case of shallow water flows, simpler asymptotic expansions can be derived by
vertically integrating the free surface Euler equations; see, e.g., [96] for a review. Introducing the
typical water depth Hy, the typical wave length A, the typical wave’s amplitude a and the typical
topography variations amplitude apo, we focus, in the following, on the shallow water

2
o= /1_3 < 1, (dispersive parameter) ,
and fully nonlinear
g = 2 O(1), (nonlinear parameter) (5.1)

Hy

flow regime with no assumption on the topography variations:

B = a;_’;tt = 0(1), (bottom variation parameter) . (5.2)
0

When considering irrotational flows, the classical Nonlinear Shallow Water (NSW) equations can
be derived by neglecting all the terms of order O(u) in the asymptotic expansions, see for instance
[95]. The NSW equations provide an accurate description of some important unsteady processes in
the surf and swash zones. These equations, which form an hyperbolic system of conservation laws,
have been widely studied both theoretically and numerically. However, these equations neglect the
non-hydrostatic effects, which are needed for the study of wave transformations in the shoaling area.
Keeping O(u) terms and neglecting terms of size O(u?) and smaller, the relevant equations are the
Serre-Green-Naghdi (SGN) equations, which were derived first by Serre [147], then by Green and
Naghdi [74] for the two-dimensional case, and have been rigorously justified in [5].

In recent years, various numerical strategies have been proposed for the approximation of the SGN
equations, mainly in the one dimensional case. We can mention Finite-Difference (FD) methods
[20, 36], Finite methods [7], Finite-Volume (FV)-Volume WENO methods [29, 48], a pseudo-
spectral (PS) method [63], continuous Finite-Element (FEM) methods [71, 118, 119], FV and FEM
methods for hyperbolic relaxed approximation models [69, 77] or discontinuous Finite-Element
(DG) approaches, possibly mixed with FEM in [51, 53, 60, 114, 127, 148]. For the two-dimensional
case, fewer methods have been developed and, for the case of structured meshes, we can mention
several FD methods [6, 163, 180], FV and hybrid FV-FD or WENO-FD methods [97, 103, 132,
149], a PS method for SGN equations in the the rotating case in [128], a central DG-FE method
in [106] and a Hybridizable-DG (HDG) method in [144]. DG methods on unstructured simplicial
meshes are considered in [59, 115]. It is also worth mentioning some works concerning non-
hydrostatic models [2, 33], or the so called high-level SGN equations [183].

However, the SGN equations can only describe flow configurations where rotational effects are
non existent or neglected. If one wants to take vorticity effects into account, then it is mandatory
to describe the inner structure and vertical dependency of the velocity and pressure fields into the
fluid domain. The addition of vorticity in weakly dispersive depth-integrated models has been

104



5.1. Introduction

the topic of recent works and several attempts have been proposed in the literature to propose
irrotational/rotational decompositions with various scalings. In [30], a model that includes vertical
vorticity is proposed, in which the vertically dependent terms are suppressed by double integrating
the equations. In [122], horizontal vorticity is directly included into the model, in the d = 1 case,
relying on an approximate explicit solution of a separate vorticity transport equation. In [93], a
SGN-like model that includes horizontal and vertical vorticity terms induced by the bottom-induced
turbulent mixing is derived, while rotational effects are included in [179] through the use of polyno-
mial basis functions to create velocity profiles which are substituted into the mass and momentum
equations, keeping terms up to the desired asymptotic order. Let also mention some closely related
recent works concerning surface wave and vorticity interactions in some specific configurations,
like shear flows [80, 138], vortex patches [46] or wave breaking [89].

In [25], a rigorous derivation is proposed, starting from the free surface Euler equations, supple-
mented with an evolution equation for the vorticity field. As in the irrotational case, vertically
averaged Euler equations can be derived and asymptotic descriptions of the pressure field and
the "turbulent" terms in the fluid domain can be obtained under an assumption on the vorticity
strengh, see [25] for details. As an incidence, the SGN equations in the presence of vorticity have
to be supplemented with additional evolution equations on the second order turbulent tensor and
the second order momentum of the variations of the shear velocity. Additional nonlinear terms
involving these two quantities also appear in the momentum equation of this new SGN model.
One interesting conclusion arising from [25] is that the occurence of vorticity can be accounted for
directly into the SGN equations, by extending the classical model with additional coupled evolution
equations without any vertical dependency. And there is no need to solve the vorticity equation.
The resulting SGN model with vorticity (SGNV equations in the following) is rigorously justified
in [26], the existence and stability of solitary waves and peaked waves solutions are theoretically
and numerically studied in [98] and a large time existence result has been proposed very recently
in [79].

In the present work, we further investigate the construction of discrete formulations to approximate
the solutions of the SGNV equations. Extending some of the authors previous works concerning
the classical SGN equations, the SGNV model is reformulated as coupled nonlinear (pseudo) hy-
perbolic and elliptic problems, in which the non-hydrostatic terms and the vorticity terms, together
with their interactions, appear as a purely algebraic source term in the NSW equations. This source
term is computed as the solution of an auxiliary linear second order elliptic. With this reformulation
of the model in hands, we observe that high-order DG methods appear as particularly well-suited
for the approximation of the solutions of the rotational SGN equations. Indeed, DG methods
exhibit several appealing features, such as i.e. local conservation, stability, arbitrary high-order
approximations, geometrical flexibility, compact stencils and minimal inter-element communica-
tions. Beyond these general features, as already highlighted in [51], DG methods provide a unified
discrete framework for the discretization of both the hyperbolic and elliptic operators, as well as
for the highly nonlinear dispersive and vorticity terms occurring in the SGNV equations.

In what follows, we introduce a global DG discretization for the SGNV equations, which exhibits
appealing properties. A suitable Symmetric Weighted interior Penalty DG (SWIP-DG) method,
which enjoys a discrete coercivity property, is designed for the particular primal form of the auxil-
iary elliptic problem, allowing to deal with the discontinuous nature of the problem’s coefficients in
a consistent way and ensuring that the stability threshold on the penalty parameter is independent
of the interface state values. Additionally, a robust Runge-Kutta DG (RK-DG) method is developed
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for the hyperbolic part of the model. This method relies on an adapted HLLC Riemann solver
especially designed to ensure the preservation of the convex set of admissible states at the discrete
level, adapting the limitation strategy of [172].

The rest of this work is organized as follows: the next section is devoted to a description of the
rotational SGN equations. The proposed new discrete formulation is introduced in third section
and the numerical validations are provided in the last section.

5.2 Serre-Green-Naghdi equations with vorticity

5.2.1 The Serre-Green-Naghdi equations for irrotationnal flows

Denoting by d the horizontal dimension, we focus in this work on the one dimensional d = 1 case.
Let x, z, and ¢ denote, respectively, the horizontal, vertical, and time coordinates. We denote by
{(t, x) the free surface elevation with respect to its rest state, by —Hy + b(x) a parametrization of
the bottom’s variations, by H := Hy + { — b the water depth, and by = H + b the total free surface
elevation, as shown in Figure 5.1.

Figure 5.1: Free surface flow description and notations.

Denoting by up,, the horizontal component of the velocity field in the fluid domain, we define
the vertically averaged horizontal velocity v € R as

1 /4
V= — unor(t, x, 2)dz,
H —H0+b .

and we denote by g := HV the corresponding horizontal momentum. The classical Serre—Green—
Naghdi (SGN) equations, as reformulated in [20], read as follows:

{ 0/ + 0,(HV) =0,
(5.3)

8,(H?) + 0,(Hv?) + [1 +T[H, b]]_l (ch')x{ + HQ\[H, b](v)) =0,

where the linear operator T[H, b]- and the quadratic form Q;[H, b](-) are defined for all smooth
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enough scalar-valued functions w by

T[H,blw = HT[H, b]%, (5.4)
T[H,blw = Ri[H, b](dxw) + Ra[H, b](wd, D), (5.5)
Qi[H, b](w) := 2R [H,b]((0xw)*) + Ra[H, b](wdy)*b). (5.6)
where
Ri[H, blw = —iax(Hf*w) - Ewaxb, Ry[H, blw = iax(sz) + wob.
3H 2 2H

This formulation does not require the computation of third order derivatives and, as shown in
the theoretical analysis of [5] and in our previous works [20, 29, 60], the presence of the operator
(1 + T[H,b])~" makes the model robust with respect to high frequency perturbations. In the flat
bottom case, equations (5.3) admit solitary wave solutions of amplitude €Hy, which have known
formulae in a closed form:

n(t,x) = Hy + eHy sech? (k(x — ct)) , q(t,x) = c(n(t,x) — Hp) , (5.7)

. — 3¢ .
with k := () and ¢ = /gHy(1 + ¢).

One of the main features of the SGN model is that it allows the description of d + 1 dimensional
waves by a set of d-dimensional equations: these equations are independent on the vertical variable
zZ, leading to more mathematical simplicity and less computational time. The d-dimensional nature
of the flow is inherited from the irrotational assumption, as the velocity field in the fluid domain
derives from a scalar velocity potential ® and, as remarked by Zakharov [176] and Craig-Sulem
[43], the free surface (d + 1)-dimensional Euler equations may then be reduced to an Hamiltonian
system coupling the surface elevation ¢ to the trace of ® at the surface, denoted by . Both ¢ and
Y depend only on time and on the (d-dimensional) horizontal variable x. As the SGN equations
are obtained by an asymptotic expansion of the Euler equations in terms of g, it is no surprise that
they are also d dimensional.

5.2.2 Serre-Green-Naghdi equations for rotational flows

The situation is very different in the presence of vorticity, since the dynamic of the vorticity
w = curl U is fully (d + 1)-dimensional. It indeed satisfies the following vorticity equation:

8w +U-Vo 0 =w- VU (5.8)

The Zakharov-Craig-Sulem formulation has recently been generalized in [26] to the rotational case;
this generalization couples the evolution of { and ¢ as in the irrotational case but of course, the
velocity field U does not derive from a scalar potential and ¢ is defined such surface. This evolution
is coupled to the evolution of the vorticity field which depends in general on all the space variables.
One should therefore expect that Vi is the projection onto (horizontal) gradient vector field of the
horizontal component of the tangential velocity at the that generalizations of the SGN equations
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in presence of vorticity have a full (d + 1)-dimensional dependence in the space variables. It has
however been shown recently in [25] that this is not the case (at least for small vorticity strength,
for which the corresponding asymptotic models are fully justified). More precisely, the presence
of the vorticity can be taken into account by supplementing the SGN equations with additional and
coupled evolution equations, without having to explicitly solve the vorticity equation (5.8).
Considering a general vorticity field

curl U = (0, w, ())T with  w(t,x,z) = 0,v — Oyw
(and U = (v,0,w)T), the vorticity w satisfies the scalar transport equation
0w+ (voy + wo,)w = 0, (5.9)

in which the z dependence cannot be removed. Under a weak smallness assumption on the

topography (that is assuming that 8u>/> = O(u?)), the proposed one-dimensional SGN system in

the presence of vorticity may be formulated as follows:

8:H + dy(H?) = 0, (5.10a)
(1 + T[H, b])[8,(HV) + 8 (H??)] + gHO{ + HQ,[H, b](¥)

4 + 0.(H?) + HC[H](Hv,%) =0,  (5.10b)
8,(Ho*) + 8,(Hv¥) = 0, (5.10¢)
8,(He) + 0,(Hve) = 0, (5.10d)

where:

1. the nonlinear interactions between the vertical dependence of the velocity field and the vertical
dependence coming from the dispersive effects lead to the term HC[H|(H v, %), which is
defined as follows:

1
HC[H](Ho,7) = 0, (2H4nﬁa§v + ax(H“nﬁ)axv) . (5.11)
with
# 12 ¢ ¢ 1 ¢
f_ v f_ 2% *
V= —, V== (z+ Hy—b)v and v ——/ w+—/ w. (5.12)
H H3 J_po+p h h z H J_pgy+p

Here, v* is a second order momentum of the vorticity induced shear velocity, hence depending
on w. This term can be straightforwardly computed from its initial value by solving equation
(5.10c).

2. the quantity e, appearing in the term 0,(H>¢), describes the self quadratic interaction of the
vorticity induced shear inside the fluid domain and is defined as follows

- £ i E-= © oy 5.13

e = 7 wit = _H0+b(vsh) . (5.13)

This term can also be straightforwardly computed from its initial value by solving equation

(5.10d). Note that this quantity can be straightforwardly related to the enstrophy used in
[137].
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Remark 5.1. A particular (and simpler) case of interest is the case of a constant vorticity, that is,
when
curl U = (0,w,0)"  with  w(t,x,2) = wy = cst.

Indeed, there is no vertical dependency coming from the equation on the vorticity but the vorticity
field induces a shear which, together with the dispersive effects, make the horizontal velocity depart
from its vertical average. In this particular case, we observe that He = %H%)g and Hv* = Huwy
and the equation on v and ¢ reduces to the mass conservation equation. As a consequence, the
previous system reduces to a system a two equations, as follows:

0H + 0,(HV) = 0,
3
(1 + T[H,b))[0,(HD) + 0,(HV?)| + gHO L + HQ[H,b](¥) + 6x(?—2w(2)) + HC[H](Hwy, V) = 0.
(5.14)

Note that (5.14) can be related, up to a change of variable and algebraic manipulations, to the
system introduced in [34].
Remark 5.2. In [25], looking for an equation on E, a cascade of equations involving tensors
(represented by scalar functions in dimension 1) of increasing order is obtained and one observes
that the contribution of the fourth order and higher tensors are below the overall O(u?*) precision
of the model and can therefore be neglected. Hence, the (rigorously justified) O(u?) model with
general vorticity derived in [25] reads as follows:

0H + 0,(HV) = 0,

(1 + T[H, b))[8,(HV) + 0.(HV?)] + gHO.C + HQ,[H, b](¥) + ,E + HC[H](V*, %) = 0,
3 Htvtt + Vaxvﬁ + vﬁﬁxf/ =0,

O,E +v0,E+3Ed,. v+, F =0,

O F + Vo F +4F0,v =0,

(5.15)
where the third order term F is defined as

{
F= / ). (5.16)

Hy+b
If F is initially almost equal to zero, then the third order contributions remain negligeable and one
can remove F from (5.15) to obtain the slightly simplified chosen model (5.10a)-(5.10d) which is
numerically studied in this work.
Further simplified models may be obtained under some particular flow regimes. In particular,
lowering the asymptotic accuracy to O(u>/?), one obtains

alH + ax(H\_/') = O,
(1 + T[H, b])[0,(HV) + 0, (HV*)] + gHO{ + HQ[H,b](¥) + 8, (He) = 0, (5.17)
0;(He) + 0,(Hve) = 0,
which reads as the classical SGN equations with an additional term d,(H?¢) in the momentum
equation and an additional evolution equation on e. This model may be related, up to the addition

of dissipation-creation terms in the equation on e, to the models obtained in [89, 139], for which
the time and space evolution of the enstrophy e is used to model wave-breaking.
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5.2.3 Reformulation of the SGNV equations

Assuming that H is bounded away from zero, it holds for any sufficiently smooth scalar-valued

function v that: .
(1+T[H,b])v = (H+HT [H, b])ﬁ’
where

(H+HT[H,b))w = 0x(—«[H]0xw) — B[H, 0:D]0w + 0x(B[H, 0xb] w) + 6[H, 0 b]w,

k[H] = %H3, B[H, 8] = ?K[H]

Nl—=

X[H.0:b),  6[H,d,b] = x[H,d:b]* + H, (5.182)

Y[H,8.b] = H28,b. (5.18b)

Provided that the exact solution is sufficiently regular, the SGN equations with vorticity (5.10)
can be rewritten as follows

{B,W + 0,F(w) + D(w, b) = B(w, b), (5.19a)
Ox(—k[H]0xp) — B[H,0.b]0xp + dx(B[H, 0] p) + 6[H, dxb]p = Q(W, b), (5.19b)
with
4 Hv 0 0
| HY | Fw) | -gHO.b _ | Hp - gHO L - 0.(He)
W=l F(w) = ook | B(w,b) = 0 , D(w,b) = 0 ,
He Hve 0 0
(5.20)
with
F(w) = Hv? + p(H, ), (5.21)
p(H,e) = %gHz + He, (5.22)
and
Q(w, b) = gHd{ + 0, (H¢) + HQ,[H, b](¥) + HC[H](Hv" 7). (5.23)

Remark 5.3. In practice, the numerical solution of (5.19a)-(5.19b) is sought in a bounded spatial
domains (which reduce to line segments since we work in 1d). This issue of suitable boundary
conditions for (5.19a)-(5.19b) is a completely open problem. In this work, in order to close (5.19a)-
(5.19b), we prescribe a set of boundary conditions that leads to stable computations:

deljoa = 0, (5.24)
Poa = 0, (5.25)
Ox(Ho")j9q = 0, (5.26)
0x(He)jpa = 0, (5.27)
dePiaq = 0. (5.28)
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Remark 5.4. The state vector w is assumed to take values in a convex and open set U defined as
U = {(H,Hv,Hv* He) € R*, H > 0,¢ > 0}. (5.29)

We emphasize that ¢ is a non-negative quantity.
Remark 5.5. Focusing on the first-order and homogeneous part of (5.19), which reads as

ow + 0,F(w) =0,

the computation of F'(w) shows that the corresponding system is strictly hyperbolic as soon as
H > 0, with the following eigenvalues:

A=V —(gH+3H%)?, Aa=Xy=¥ Ay=7+(gH+3H%).

5.3 Discrete formulations

In this section, we introduce a discontinuous Galerkin (DG) discrete formulation for the SGN
equations with vorticity (5.19a)-(5.19b). Although we work here with d = 1, we keep the notation
as close as possible to the classical one for DG methods in higher space dimensions; see, e.g., [50].
This is both to facilitate the reader familiar with DG methods, and to pave the way for the case
d = 2, which we postpone to a future work.

5.3.1 Setting and notations

We consider an open segment Q C R, with boundary 9Q (reduced to two vertices), and a mesh
which reduced here in a partition 7}, of Q in open disjoint segments. We set |7;| the number of mesh
elements. A general element of 7, is denoted 7', with a boundary 07, a length A7, a barycenter
xr and unit outward normal ny taking values in {—1, 1} on 7. The partition is characterized by a
meshsize h = maxreg; hr.

Mesh faces, reduced here to vertices, are collected in the set F;, = Thl U 7—'hb, where 7711 collects

the internal vertices and Thb the (two) boundary vertices. A general vertex of ¥ is denoted by F,
with an abscissa denoted by xr, and hg denote the minimum length of the mesh elements to which
F belongs. Forall T € 7, 7 := {F € F,, | F C T} denotes the set of vertices in T and, for all
F € Fr, npp is the unit normal to F pointing out of 7. For any internal vertex F € ?'hi, we choose
an arbitrarily oriented but fixed unit normal ng, and we set ng := nyg for all boundary vertices
F c 0T N 9Q. The maximum number of mesh faces composing the boundary of mesh elements is
denoted by
Ny = max card(Fr),
TeT;,

and we obviously have Ny = 2 in the present setting.
For any k > 1, we consider the space
PX(7) = {v e LX(Q)| vr € PXT) VT € 7;}, (5.30)
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where P¥(T') denotes the space of polynomials in T of total degree at most k.

Considering a computational time #,,x > 0, we introduce a partition (" )y<,<n Of [0, fmax | With
19 =0, tN = tax and 1 — " =0 A¢”. For any sufficiently regular scalar-valued function of time
w, we let w" := w(t"). Further details on the time marching algorithm are given in the following.

We introduce the following shortcut notations for smooth enough scalar-valued functions v, w:
(v,w)Q = / v(x)w(x)dx, (v,w)T = /v(x)w(x)dx VT € Tp, (V,W)F = (vw)(xp) VF € Fp.
Q T

1 1 1
and we denote respectively by [|[vllq = (v,v)g. IVl = (v,v)7 and [[v]|z = (v,v);. the corresponding
L? norms.
For all T € 7;,, we denote péﬂ the L2-orthogonal projector onto P¥(T") and p% the L?-orthogonal

projector onto P¥(7},). Similarly, we denote I}‘ the element nodal interpolation into P*(T’). The cor-
responding nodal distributions in elements and edges are approximated optimal nodes introduced
in [31], which have better approximation properties than equidistant distributions. The global I%

interpolation into P*(7}) is obtained by gathering the local interpolating polynomials defined on
each elements.

We also define the mesh elements and faces inner products as

(vow)g = Z Vow)p (1) = Z (1) 7+

TeT, T€T,

for v,w € L>(7;) and u, v € L?(d7;). Extensions to vector-valued functions are straightforward.

For any function wy, € Pk(ﬁ), T € 7j and F € Fr, we conveniently set wr = wyr and wrp (or
wr, in a more concise way, when no confusion is possible) refers to the trace of wr on F. When
fully discrete approximations are considered, wy. and wi. respectively refers to the values of wr and
wr obtained at discrete time #”*. Similar shortcuts for vector-valued functions are straightforwardly
obtained.

Let «,8,0 € L*(Q) denote a uniformly bounded coefficients and set, for the sake of brevity,
kr = K,Br ‘= Byr and 67 = O for all T € 7). Following [52, 55], we define the jump and
weighted average operators such that, for a sufficiently smooth function ¢ and an interior vertex
F e 7:}; such that F ¢ 0T; N 0T for distinct mesh elements 7 and 7>,

KT,

[[90]] = (p|T1 - ¢|T2a {QO}}(A),F = w2¢|T1 + (,()1Q0|T2, Wi = ——— Vi € {1’2} (531)
KT, + KT,

In what follows, and when no confusion can arise, we omit the subscript F from both [v], » and
{v}wr. When k = C in Q for some real number C > 0, we have w; = wy = %, and also the
subscript w is omitted. We refer the reader to [50, Section 4.5] for a discussion on the role of
weighted averages and harmonic means in the context of heterogeneous diffusion-like problems.
In what follows, we need discrete counterparts of the gradient and of the Laplacian applied
to broken polynomial functions. For any v, € PX(7;), we denote by V¥ : PX(7;) — P*(7;) the
discrete gradient operator and by A/;l : PX(75) — PX(7;,) the discrete Laplace operator. We use the

discrete operators already introduce in [51], whose definitions are recalled in Appendix A.
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5.3.2 The semi-discrete problems

We focus in this section to the construction of a discrete formulation for the SGN equations with
vorticity (5.19a)-(5.19b). Let b, € P*(7;) denote a piecewise polynomial approximation of the
topography parameterization b which can be obtained either by L2-orthogonal projection (i.e.
by = n’}j (b)) or by interpolation (i.e. b, = 7, hk (b)). Note that any order of approximation may be
used for the definition of bj, and in what follows, we choose the same order k as for the primal
variables, for the sake of simplicity, and the following shortcuts are introduced: Vb, = thbh,

Aby, = A’;lbh and V3b;, = th(Aﬁbh). The semi-discrete in space DG approximation of (5.19a)-
(5.19b), supplemented by boundary conditions (5.24) reads:

Find W), = (£ U, v e, pa) € (PX(77))° such that, for all (s, 1) € (PX(75))%,

(0rWhy 1) g + (An(Wr) @) = 0, (5.32a)
an(K[Hpl, BLHp, Vbi], 5L Hn, Voiuls onsn) = (QulHp, bul(Sns V) 0n) 77 (5.32b)

where:
(i) The discrete bilinear form ay(, 8,9; -, -) is defined on P*(7;;) x PX(7,):

an(k, B,6;vp,wy) = Z (k0xvi, Oxwi) - + Z f(%ﬂvhﬂ»ﬂwhﬂ)p

TeT, FeF,

- 3 ((awonbon bl + (st

Fes,

= > BV dswa)y = > (0w Bwi)y (5.33)

TeT, T<T,

+ ) (8o [wal) o + (il BWiYw) )

FeFy,

+ Z (6vh, Wh)T,

TeT,

with a k-dependent penalty parameter vy, r defined as follows:

KT +K’1‘2

2kr, Kry if Fe 7—2 is such that F' = 971 N 071>,
Yk F =
* KT if F e Thb is such that FF = 9T N Q2.

In (5.33), ¢ denotes a user-defined parameter sufficiently large to ensure coercivity (see [177] for
details) and for a given function v;, € P*(7};) we have (ailvh)g = 0x(vir)-

(ii) The discrete nonlinear operator Ay, in (5.32a) is defined by
(ARWa), @n) = = (F(Wn), 0?9%)% + (En, ¢n) g7+ (Dns @) . = (B(Whs ), 1) 7, (5.34)

where the interface stabilizing fluxes contribution is defined as follows

(En, SOh)aq;L: Z Z (ETFHTF, QOh)F,

TeThFeFr
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and ﬁTp is a numerical approximation of the normal face fluxes F(wj, by,) - nyp whose precise
definition in postponed to Section 5.3.3 below. The discrete contribution of the dispersive correction

(D> @) = (Hubn — gHiVy (&n) = 3HL V) (Hi)en = HyVy (en)s on) .

(iii) The discrete nonlinear operator Q[ Hp, by] in (5.32b) is defined by
Qu[Hp, bul(Eh, Vi) = thth(Uh)"'?’H;%th(Hh)eh+H2th(eh)+Hthh[Hh,bh](‘_"h)"‘HhCh[Hh](HhVﬁ,vh),
where, for any wy, € PX(73),

b 4
QualHi bilwn) 1= 2HY (Hi + )V (wn)? + 2 Hp Vi (wi)Af (w)
H
+ A (b Vi Oon) + (AR (Br) + VAR b))
and
HyCalHlGun, wn) = ~6HE (Hyun A ) = 23 (Vi Ga)Ahown) + un B (A o))
— (6HVE () un + SHENS(Hyuy + GHENE(HL)Y () + HEA )| 5 n)

- (3H,§Vh’<(Hh)uh + H,jvh"(uh)) AL (wp).

5.3.3 Interface fluxes

We detail in this section the construction of an approximate interface fluxes Fn such that its
restriction Frpnyg to the face F of mesh element 7 is a numerical approximation of the normal
face fluxes F(wj,) - nyp that allows to preserve the invariant domain U.
LetT € 9,and F € Fr N ‘T}i (we only detail the case of interface here). Denote by wy. and W;,
respectively, the interior and exterior traces of wy, on F with respect to the element 7 (that is if
F C 0T N 3T, for a given neighboring element 7,, then W, w}. are respectively the polynomial
traces of wr and wr, on F). We define the numerical flux function through the interface F as
follows: _

FTF = Fh(W;, W;), (535)

where (wy,wg) — Fj,(w;,wg) is a numerical flux function consistent with the physical flux
w — F(w) and built upon an approximate Riemann solver of the HLLC type, see [16, 82]. More
precisely, we consider an approximate Riemann solver at interface F consisting of 2 finite external
wave-speeds A1, A7 and an additional intermediate wave A7. (note that in the following, the subscript
F may be avoided when no confusion is possible). We denote by w7 and w the intermediate states
to the left and to the right of the wave 1* respectively. The 3 wave speeds are therefore separating
4 constant states wy, Wy, Wy and wg, leading to the following approximate solver:
wy if € < A7,
wr if - <&<aA*
A L £
w(E, Wi, Wg) = 5.36
(& WL WR) = 1 s if 1% <¢&<at, (5.36)
wg if AT < f,
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5.3. Discrete formulations

with ¢ = 2=F. Assuming that A~ and A™ are given by some estimates, which are defined later,
we need to define the 8 components of the 2 unknown intermediate states w; and w¥, and the
intermediate wave speed A*. To achieve this, we use the consistency condition for the discharge
H7, together with the jump conditions across each wave for the variables H, Ho*, He, leading to the

following system:

AT(HF — Hp) = HvF — Hpvy,
AX(H — HY) = HXoh — HPOF,
A*(Hg — HY) = Hgvg — HX0%,
A™(H}vr — Hpvp) + AX(HEvx — Hyv¥) + A*(Hgvg — Hgvk) = Hgvy — HLV; + Appg,
A(Ho — Hypot) = Horo — Hyvpof,
AX(HE — Hob*) = Hxvhob* — A vrob,
A*(Hgoly — H0%) = Hyigol, — HEv50R,
A"(Hyey —Hpep) = Hyvyey — Hpvpep,
A*(Hyzer — Hyer) = Hyvrex — Hyvyer,
AT (Hgeg — Hye) = Hrigegr — Hyvgek,
(5.37)
where Aprr = p(Hg,¢r) — p(Hg,¢r), and whose solution is given by
Jr Hpo (17 - ‘EL) - Hyig(A" - ‘7R_) + APLR’ (5.382)
Hp (A~ — L) — Hr(A* — Vg)
P =9k = A%, (5.38b)
- _ 5 +
HY = w HY = H’;(f . ﬁfR), (5.38¢)
S (5.38)
ey =ep, ex = eg. (5.38¢)

Once the intermediate states are known, the corresponding fluxes can be computed as follows:

F(wr) if 0 <47,
F(wp)+ A~ (wh —wp) if A7 <0< 2%,
F(wg) + A1 (wk — wg) if 2* <0 <%,
F(wg) if A7 <0.

Fh(WL,WR) = (539)

5.3.4 Time discretization

Supplementing our formulation with an initial datum w(0,-) = w?, the time stepping is carried out
using the explicit SSP-RK schemes of [73]. For k < 3, we consider SSP-RK schemes of order
(k + 1). For instance, writing the semi-discrete equation (5.32a) in the operator form

atWh + ﬂh(Wh) = O,

115



Chapter 5. Discontinuous Galerkin approximations of rotational SGN equations

we advance from time level n to (n + 1) as follows with the third-order scheme as follows:

1
Wy =Wy — A" AR(WE),

n 1 n n. 1 n n

WZ“ = %(w;’l + ZWZ’Z) - %At"ﬂh(WZ’z),
where WZ’i, 1 <i < 2, are the intermediate stages, At" is obtained from the CFL condition (5.40),
and the discrete initial data W(;Z is defined either as the L?-projection or interpolation on (P*(7;))?
of wo. For k > 3, the five stages fourth order SSP-RK scheme of [150] is used (the details are
omitted for the sake of simplicity). The corresponding time step At" is computed adaptively using
the following CFL condition (see [38]):

A"t =

| hy
in(~L). 4
2k+1¥’£~,}<w) (5.40)

or = I%E%X (l\_/Tl + w’gHT + 3H%€T) .

5.3.5 Main properties

with

5.3.5.1 Positivity of the approximate Riemann solver

LetT € 7, F € 7 N ﬁi’ (W, Wg) € U? and we consider the numerical flux F,(wz, wg). We
introduce the following wave-speed estimates:

(5.41)

where 57 and sg are 2 positive values to be defined in the following. Then (5.382a)-(5.38c) may be
reformulated as follows:

SLVL + SRVR — ApLR

A* = (5.42)
Sr. + SR

L1 srOrR—=VL) —AprLr L1 str—Vi) +Aprr (5.43)

HZ H; SL(SL + SR) ’ H; Hp SR(SL + SR) )

In what follows, assuming (wz,wWg) € U?, we show that a suitable choice of s; and sg ensures
that the intermediate water heights H} and H in the approximate Riemann solver remain positive,
hence ensuring that (w7, w%) € Uz

Proposition 5.6. Consider the approximate Riemann solver (5.36)-(5.38), together with the wave-
speed estimates (5.41). Let define s; and sg as follows:

A
2L~ \Hy(g + 3Hier) + E( PLR + 7 — VR) ,
'f A >0 Hj, 2 HR\/HR(g + 3HReR) + (5 44)
I PLr 2 0, )
2R _ \JHx(g + 3Hge )+§(_APLR+v —7 )
Hr R8 RER)* 5 51 L R) .-
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5.3. Discrete formulations

3 -A
L VHR(g + 3Hger) + —( PLR +V — VR) ,
oA <0 Hpg 2 HL\/HL(g-I-SHLeL) + (5.45)
l pLr <0, )
2L \JHi(g + 3Hc )+§(APLR+v —7 )
H, L\8 LCL AN L R n

Then the approximate Riemann solver (5.36)-(5.38) preserves the invariant domain U :
w,WrgeU = W wr,wg)e U for any value of &.

Proof. We adapt the ideas of [22], initially introduced for the Suliciu relaxation schemes. We
remark first that (H,¢) — p(H,¢) satisfies the following properties:

VH,e > 0, y(H\dnp(H,¢)) > 0, (5.46)
HA~Oup(H,¢) P (5.47)

(9H(H\/ (9Hp(H, e)) < %\/ aHp(H, e), (5.48)

and thus, there exists, for each value of ¢, an inverse function ¥ (.,¢) : (0,00) — (0, o0) such that
H+\Ogp(H,e) =s & H =y(s,e).

20 (s,¢)

3 and as 0;( (s, e)s_%) > 0, we have:
s

Note also that (5.48) entails dzi(s,¢) >

w(dsse) > A3u(s,e), VA > 1. (5.49)

Step 1. We show that for any given sg > 0, the choice

s 3/A _ _
Lo VOup(Hr,er) + 5( f}jR +VvL - VR)+,

Hy

ensures that o
1 1 N SRR = V1) = Aprr |

- = > > 0.
Hf Hp sL(sL + SR) Y(sr.eL)

Indeed, if sp(Vg — V) — Aprr = 0, we have s; = Hy+/Ogp(H,er) and Hy, = ¥(sy,er), giving the
expected result. If sg(Vg — VL) — Aprr < 0, then it is equivalent to show that

1 - SR X > HL
SL+ SR \Jopp(Hp,ep) + 32X W(sL.er)’

\Oup(Hy,er)
with X = Af% + v — Vg. Introducing 6 = Hp(HL L)3
6HP(HL9 eL) + QX

_21-9) H;

3 l//(HL(VaHP(HL,eL) +3X), eL)

, a sufficient condition is

> 0. (5.50)
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Chapter 5. Discontinuous Galerkin approximations of rotational SGN equations

Using (5.49), we see that (5.50) holds if we have 1 — @ — 03 > 0, which is always true for
0<6<1.

Note that the symmetric result holds: for all s; > 0, the choice

s 3/-A -
—X = \Joup(Hg.er) + 5( SpLR +V = VR) ,

Hp L +
ensures that
1 1 Vr— 1)+ A 1
1oL sp(Vr — VL) + ApLr S >0,
Hy  Hg sp(sp + Sg) Y(SR,eR)

Step 2. Let assume Appr > 0 and define s,s; following (5.44). As sy > 0, the symmetric
result of the previous step directly ensures that 1/Hz > 0. Additionally, if sg(¥g — VL) — Aprr > 0,
we obviously have

AU seOr—V)—Aprr 1
HZ H; SL(SL + SR) T Hp

Now, if sp(Vg — V1) — Aprgr < 0, as sg > Hg+/Ogp(Hg,¢g), we have s; > s7, with

5 3/A _ _
Lo \Oup(Hp,er) + 5( fLR +VL - VR)+-
R

Hp

> 0.

Using Step 1, we obtain

1 N SrR(Pr — VL) — ApLr o1

Hy Si(se+sr) T w(ster)
As s(flsR) is an increasing function of s > 0, we have
A _ 1 seROr=91)—-Aprr 1 sROrR-V1)-Apr 1
Hf Hp st(sL+sgr)  HL stsz+sr) w(sLer)

We also observe that assuming ¢;,eg > 0, then according to (5.38¢) we obviously have ¢¥*, e}"e >

0. O

5.3.5.2 Positivity of the lowest-order approximation

Now, we use the previous approximate Riemann solver to design some discrete formulations that
preserve the positivity of H and e. We first consider the lowest-order fully discrete approximation
(Finite-Volume).

Proposition 5.7. The lowest-order numerical scheme, obtained by setting k = 0 and ¢; = 1
in (5.32a) with interface numerical fluxes built from the approximate Riemann solver (5.36),
wave speed estimates (5.41)-(5.44)-(5.45) and a first-order Euler time discretization, preserves the
invariant domain U under the following CFL-like condition:

hr
At = (—) Ay = 2L A5 551
]r%%l -, T 1{%&% (l F|| F) ( )
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5.3. Discrete formulations

Proof. Let denote by w7, the piecewise constant approximations (mean values) of w at discrete
time " on mesh element 7. Setting k = 0 and ¢; = 1 in (5.32a) and using a first-order Euler time
discretization, the resulting Finite-Volume scheme reads as follows:

hr . _ .
A_tT" Wit W 4 Z Fi(Wh, Wy ngp + / Dr — / B(wr, br) = 0. (5.52)
FeFr T T
FcoTnoT,

Assuming that for all T € 7;, wi. € U, Proposition 5.6 ensures that the associated approximate
Riemann solver (5.36) associated with F,(W7, W7, ) satisfies, at each interface xz such that F' C
oT N dT,:

X=X
V(t, x) c (tn, z‘n+1] X (xT, ‘xTe)’ VAV(_—tF,W% V_V;lwc) eU.

Then, it is a classical result to show that for all T € 73, v'v?+1 € U under the CFL-like condition
(5.54).
hr
A" < mi (—) Ap = LI,
min{~— ). Ar = max (|4, [15])
in which A}, and /1; are the speed estimates obtained from (5.41)-(5.44)-(5.45). This final result
relies on the fact that the topography and dispersive source terms do not contribute to the time
evolution of H and e and that the corresponding numerical schemes therefore updates values from
a convex averaging of the states that appear in the approximate Riemann problem, see for instance
[16, 22].
O

5.3.5.3 Positivity for higher-order approximations

Now, we consider an arbitrary order of approximation k£ > 1. Setting ¢; = 1 in (5.32a), using a
first-order Euler time discretization and denoting by w7. the mean values of w), at discrete time "
on mesh element 7', the fully discrete formulation satisfied by the state vector averages reads as

follows: L
LWl —wh) + Z Fr(We Wpnrp + / Dr - /B(WT, br) =0, (5.53)
T T

A"
Fefr

where w,w}. respectively stand for the interior and exterior traces of w;, on F, with respect
to mesh element 7. Following [172], let consider the 7-points Gauss-Lobatto quadrature rule
{xl.T, 1 <i < 7} on mesh element T (with 7 > 2), and the corresponding quadrature weights

A

{Wi, 1 <i < 7} such that Zle w; = 1. This quadrature rule allows to exactly compute integrals of
polynomials up to degree 27 — 3. In particular, choosing 7 = [(k + 3)/2], we have:

1 T
VT € Ty, Wy = o /TW§ = ZW,’W’%(XI-T).
i=1

We have the following result:

Proposition 5.8. Assume that for all T € Ty, wy. € U and foralli € {1,.. .,T},W;(xl.T) € U. Then
the scheme (5.53), satisfied by the averaged values of the state vector, with interface numerical fluxes
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Chapter 5. Discontinuous Galerkin approximations of rotational SGN equations

built from the approximate Riemann solver (5.36), and wave speed estimates (5.41)-(5.44)-(5.45),
preserves the invariant domain U under the following CFL-like condition:

hr
A" < Wy mi (—) Ap = (/lF,/lF). 5.54
ler}g]l_: A7 T I{}g% | L|| Rl ( )

Proof. Remarking that the dispersive source term fT D7 do not contribute to the first and fourth
equations (respectively on Hj and ej) in (5.53), the proof follows the lines of Proposition 3.2 in
[172], taking benefits from the robustness of the lowest-order scheme established in Proposition
5.7. m|

To enforce the conditions of this last Proposition, we need to modify HZ and eZ so that for all
T € Tpand foralli € {1,...,7} we have H(x]) > O and ¢//(x]) > 0. This can be achieved by using
the high-order accuracy preserving limiter of [172] on both variables H; and ¢;. This consists in
replacing, for each mesh element T' € 7, the polynomials H} and e by the following modified
polynomials, before computing A, (W}):

A = min{l Hy — « }(H” _H)+ A (5.55)
T — > agn _ . e T T ’ ’
Hy lrgilélT H(x7)
o = min{l K }(é" _ ) 4+ (5.56)
T — > —-n _ . n i T T T° ‘
¥~ min ¢l

where H; and &7, are respectively the mean values of Hy and e7. on T and « is a small threshold value
(we set k = 1.0710 in the numerical applications). This limitation process ensures the positivity at
the required quadrature nodes, while preserving the mean values of the limited quantities, as well
as the expected accuracy of the approximation.

Remark 5.9. This analysis can be extended to high-order in time SSP-RK schemes, see Section 5.3.4,
relying on the fact that the intermediate stages WZ’Z are obtained as convex combinations of forward
Euler sub-steps. As a consequence, the fully discrete formulations with a high-order SSP time
discretization will still preserve the invariant domain U. The limiters (5.55) and (5.56) should be

applied at each stage of the RK method.

5.3.5.4 Well-balancing for motionless steady states

Motionless steady states for equations (5.192a)-(5.19b) are defined by
=0, v=0, v =0, e=0.

The preservation of motionless steady states may be achieved following one of the already existing
approaches, the reader is referred for instance to [61, 172]. Note that such a well-balancing property
for our SGN formulations may be inherited from the corresponding property obtained for the NSW
equations provided that the discrete formulation (5.32b) associated with elliptic problems is well-
defined. We choose not to recall the details of these reconstruction as it has been extensively applied
and validated in some of our previous works, see for instance [59, 60].
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5.4 Numerical validation and applications

In this section, we validate the discrete formulations of Section 5.3 through several benchmark
problems. In all the test cases, the time step restriction is computed according to (5.40). Exploiting
the symmetry of the discrete bilinear forms, the sparse linear systems are solved using a Cholesky
methods. Of course, when the vorticity vanishes, we recover the classical SGN equations, and we
directly focus on the validation of the model with nonzero vorticity.

5.4.1 Rotational solitary wave with constant vorticity

In the first test, we focus on the simplified case of constant vorticity. One can choose to solve the
general system (5.19) or the simplified model (5.14) and of course, both provide exactly the same
results. We compute the propagation of a rotational solitary wave over a flat bottom, in a domain
of 200 m long. Following [98], the initial water height H(0, x) is computed as the solution of

c H(H + 2H,
< (cH] = HowoH?) H? = (H - Ho)z(cz _gH - (T%g), (5.57)
and the corresponding velocity is initialized as
Hy
v(0,x) = c(1 - . 5.58
0.0) = (1 = ) (5:58)

Still following the notations of [98], we have E,, = %How(z) > 0, v\ = Hywy > 0 and the celerity

c of the right solitary wave is given by

H2(1+£)(3 + &) 2)%

c= (gHo(l +&)+ B wy

(5.59)
We set wg = 0.357!, &£ = 0.1 and the solitary wave is initially centred at xo = 25 m. We compute
the time evolution up to t,x = 40 s, with |7;| = 200 mesh elements, leading to a uniform meshsize
h=1m.

5.4.2 Rotational solitary wave with general vorticity

In the second test case, we consider the case of a general vorticity. Equations (5.19) admit two
solitary wave solutions of opposite velocities given by

(I+¢)3 +8)Eoo)§, (5.60)

i_:i(gH0(1+8)+ Ho

and with different profiles. We set E,, = 0.2 m3.s7% and vﬁo =1.6m.s7!, together with € = 0.1,

ensuring the existence of both left and right-going waves, leading to the profiles shown on the left
of Figure 5.3 and Figure 5.4 respectively for the right-going and the left-going waves. The initial
water height H(0, x) is computed as the solution of

H(H + 2H°)Eoo),

H3

S(cH] — VEHA)HY = (H - Ho) (¢ - gH -
0

(5.61)
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Figure 5.2: Rotational solitary wave with constant vorticity - On the left: initial free surface (in
blue) and profile of the irrotational wave (in grey dot line). On the right: snapshot of the free
surface at = 25 s and t = 40 s.

the corresponding velocity is initialized as in (5.58) and we set

H H 3
oh(0,x) = HOX) ¢ e(0,x) = (O—’;)Eoo. (5.62)
Hy H;

As in the previous case, the computational domain is Q = [0,200]. The right-going wave is initially
centred at x = 50m and the left-going wave at x = 150 m and the propagation is computed up to
fmax = 30s. The time evolution of both right-going and left-going waves is shown on the right of
Figure 5.3 and Figure 5.4 respectively. For these computations, we set |7;| = 200 and k = 2. We
observe the preservation of the initial profiles, together with a very low numerical dissipation for
the considered time interval.

1101 (t=14 (s)

1.05 4

¢ (m)

1.00

1101 {t=28 (s)

1.05 4

¢ (m)

1.00

0.98

30 40 50 60 70 0 25 50 75 100 125 150 175 200
x (m) x (m)

Figure 5.3: Rotational solitary wave with general vorticity: right-going wave - On the left: initial
free surface (in blue) and profile of the irrotational wave (in grey dot line). On the right: snapshot
of the free surface atr = 14 s and ¢ = 28 5.
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110 [t=14 (s)]

¢ (m)

1.00

1107 {t=28 (s)|

E 1.05

1.00

0.98

130 140 150 160 170 0 25 50 75 100 125 150 175 200
x (m) x (m)

Figure 5.4: Rotational solitary wave with general vorticity: left-going wave - On the left: initial
free surface (in blue) and profile of the irrotational wave (in grey dot line). On the right: snapshot
of the free surface at = 14 s and ¢ = 28 5.

We also perform a numerical convergence analysis relying on a sequence of refined meshes
and a reference solution computed with k = 5 and |7j;| = 2000. The L2-error between the current
numerical solution and this reference solution at t+ = 0.1 s is computed for k = 2,3,4 and the
sequence of refined meshes. The resulting convergence rates for the water height are reported on
Figure 5.5.
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Figure 5.5: Test 1 - Rotational solitary wave propagation: LZ-errors for the water height 7 at
t =0.1s vs. h, for polynomial orders k = 2,3,4.

5.4.3 Collision of rotational solitary waves

In the third test case, we simulate two rotational solitary waves (with general vorticity) of initial
(relative) height € = 0.2, propagating in opposite directions in a channel of 400 m long. The
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collision of solitary waves is known to introduce additional challenges to the model by a sudden
change of the nonlinear and frequency dispersion characteristics. Here, we add rotational effects
and focus on their impact during the collision.

In a first computation, we set vi, = 0 so that left-going and right-going solitary waves have similar
profiles. We alsoset E,, = 1.0 m3s~% and the flow variables are initialized with (5.58)-(5.61)-(5.62).
The right-going solitary wave is initially centred at x = 150 m and the left-going wave is initially
centred at x = 250 m. The computation relies on |7,| = 1200 mesh elements and we set k = 2. The
situation is qualitatively very similar to the irrotational case but: i) the speed ¢ defined in (5.60) is
larger than in the irrotational case, ii) the solitary waves becomes narrower as E, increases. To
highlight these differences, we show on Figure 5.6 several snapshots of the free surface elevation
observed at several time during the propagation. The free surface of the corresponding solitary
wave solution in the irrotational case is also plotted in orange for comparison purpose.

1201 (t=0 (s) —— rotational 1207 (t=6.5 (s) —— rotational
irrotational
1.151 1.151
£ 110 1101
LV
1.051 1.051
1.00 1.00 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
1.44 |t=12.6(s) —— rotational 144 [t=14.6(s) —— rotational
irrotational irrotational
1.3 1.3
B
S121 1.2
1.1 1.1
1.0 J \‘ 1.0 4 U
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
x (m) x (m)
1.004 —— rotational
irrotational
1.002 f
£ 1.000 4 J W f\ /\/W,\,\,‘ —— /\ I [‘ ‘
~ c |
0.9981 (t=38(s) \
0.996 -

0 50 100 150 200 250 300 350 400
X (m)

Figure 5.6: Collision of rotational solitary waves - Case € = 0.2, VEO =0ms 'and E, = 1 m3s72 -

Snapshots of the free surface at several times during the propagation. The rotational solitary waves
are plotted in blue, the corresponding irrotational waves are plotted in orange.

In a second computation, we set voﬁO = 1.6 ms~ ! and E, = 0.2 m3s72, so that both waves exists

but the right-going solitary wave has a narrower profile than the left-going one. Again, we set
|7n| = 1200 and k = 2. The different profiles for right-going and left-going waves are expected
to induce non-symmetric oscillations in the corresponding dispersive tails that are observed after
the collision. And indeed, we show on Figure 5.7 some snapshots of the waves profiles during
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the evolution, with a zoom on the dispersive tails observed after the collision, and we observe a
particular modulation that shapes the dispersive tail of the right-going wave (which is the narrower
wave). This oscillating tail also appears to be shorter than the one of the left-going wave, which is
more comparable to the dispersive tail that is usually observed with irrotational flows. These two
tests demonstrates the capability of the proposed discrete formulation to handle strong nonlinearity
and dispersion in rotational solitary waves.
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Figure 5.7: Collision of rotational solitary waves - Case vgo = 1.6ms ' and E,, = 0.2m3s72 -
Snapshots of the free surface at several times during the propagation.

5.4.4 Shoaling of rotational solitary waves

In this subsection, we aim at qualitatively studying the shoaling of rotational solitary waves over a
varying topography. As a first assessment, we reproduce the test initially proposed in [98] with a
WENO method. We consider a 200 m long channel with Hy = 1 m and the topography is defined

as follows o
_ _() X — X¢
b(x)—10(1+tanh( p) )),

with x, = 100 m and A = 20 m. A right-going rotational solitary wave corresponding to the choice

Ew = 02m3s72, v} = —1.5ms™! is initially centered at x = 20 m and propagates with an initial
celerity ¢ = 3.53 m s~! (the celerity associated with the irrotational solitary wave of similar relative
amplitude is 3.43 m s~!). We show on Figure 5.8 some snapshots of the free surface at several times
during the propagation. For comparison purpose, we also plot in light blue the corresponding free
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Figure 5.8: Shoaling of rotational solitary waves - Case vgo = —1.5ms™! and E, = 0.2ms 2 -

Snapshots of the free surface at times # = 205, 30 s and 35 s.

surface of an irrotational solitary wave of similar relative amplitude.

To further investigate the influence of the rotational terms on wave shoaling, we place a wave
gauge at x = 140 m and the corresponding time series of the free surface elevation for the rotational
and irrotational waves are plotted on Figure 5.9. In a second test, we numerically reproduce the
experimental set-up detailed in [75], for an incident solitary wave of relative amplitude € = 0.2,
which propagates and breaks over a planar beach with a slope of 1 : 35 in a computational domain
of 85 m long and a water level at rest Hy = 1 m.
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Figure 5.10: Shoaling of rotational solitary waves - Three different initial solitary waves for the
experimental set-up of [75].

We perform the computations with three different solitary waves, corresponding to the following
values: i) vi, = —1.5ms™! and Ex = 0.2m3s™2, ii) v, = Oms™! and Ew = 0m3s~2, iii)
vgo = 1.5ms™" and Eo, = 0.2 m3s~2. These three sets of values lead to the three initial wave profiles
shown on Figure 5.10. Note that the blue wave profile is the solitary wave classically obtained
in the irrotational case. We set |7,| = 200 and k = 2 and compute the waves propagation over
the uneven bottom up to the breaking point. Numerical results are shown on Figure 5.11 as time
series of the free surface measured from four different wave gauges located at x; = 20.96 m, x; =
22.55m,x3 = 23.68 m, x4 = 24.68 m. We observe a slightly increase shoaling in the two situations

involving a non-zero vorticity.
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5.4.5 Run-up of rotational solitary waves

To conclude this section, we focus on the ability of the proposed discrete formulation to deal with
the occurence of dry areas. Considering the experimental set-up initially proposed in [153], we
study the run-up of a rotational solitary wave over a beach with constant slope 1:19.85, in a 100 m
long domain. The incident wave is supplied using (5.61), with a water level at rest Hy = 1m and a
relative amplitude € = 0.02 m. We recall that in this work, we do not introduce any mathematical
and numerical treatment that may allow to consider the occurrence of wave-breaking in a stable
way. We also recall that irrotational flows, & = 0.02m is the threshold amplitude which prevents
wave-breaking from occurring. As weakly sheared flows are considered within equations (5.19)
(as assumed in the derivation proposed in [25]), we observe that such a threshold value for non-
breaking waves may reasonably also be used for the particular rotational flow under study in this
test. For the solitary waves provided by (5.61), and for any given value of E., positive values of
vgo lead to narrower wave profiles. Our numerical investigations show that wave-breaking tends

to occur slightly sooner for solitary waves with narrower profiles. Hence, we choose here to set

Eew =02m’s% and vgo = —0.2ms~', as negative values for vﬁo lead to larger wave profiles. The

mesh is set to |7;,| = 500 elements and the polynomial order to k = 2. The solitary wave is initially
centered at x = 40m. The wave propagation is computed up to ¢ = 30 s, after the wave run-up
and reflection. The resulting numerical results are plotted on Figure 5.12. The computation is
performed in a stable way and the preservation of the positivity of the water height and the second
order moment is ensured. In particular, the run-up is computed in a stable way for this augmented
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set of equations, without any spurious oscillations and we do not have to artificially cancel the
dispersive correction in the vicinity of dry areas.
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Figure 5.12: Run-up of rotational solitary waves - Case & = 0.02, Eo, = 0.2m>s72 and v, =
~0.2m s~ - Snapshots of the free surface at four times during the wave propagation.
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Chapter 6

Conclusion et perspectives

Au cours de ces travaux, nous avons étudié et analysé des modeles d’écoulements de type Shallow
water, a savoir, les équations de SGN avec et sans vorticity en 1d. La dérivation de ces équations
est fournie dans le Chapitre 2, en détaillant les étapes de calcul fournies dans [25]. Nous avons
ensuite proposé des schémas numériques capable d’approcher ces équations, en préservant les états
d’équilibre au repos et produisant des hauteurs d’eau positives.

Nous avons dans un premier temps, étudié la construction d’une nouvelle formulation discrete
de type Galerkin discontinue pour approcher la solution des équations SGN classiques dans un
cadre horizontal unidimensionnel. Une nouvelle formulation discréte non conforme appartenant a
la famille des méthodes Galerkin discontinues a pénalité intérieure symétrique pondérée (SWIP-
DQG) est introduite pour approcher avec précision les solutions de 1’opérateur elliptique du second
ordre apparaissant dans les équations SGN. La formulation discrete globale qui en résulte est ensuite
validée par un ensemble étendu de cas test, y compris des études de convergence et des compara-
isons avec des données tirées d’expériences. Le schéma présente 1’avantage d’une formulation
consistante, stable, coercive, et préserve les états d’équilibre au repos et elle est capable de produire
des hauteurs d’eaux positives.

Nous nous sommes ensuite intéressé a 1’étude des équations de SGN avec vorticité dérivées dans
[25], ces équations SGN avec vorticité admettent une famille de solutions de types ondes solitaires.
En prolongeant les travaux antérieurs développés pour I’étude des écoulements irrotationnels, nous
avons reformulé les modeles comme un systeéme pseudo-hyperbolique complété par des termes
sources algébriques qui rende compte de la correction non hydrostatique et dispersive, ainsi que de
I’interaction entre vorticité et effets dispersifs. Nous avons introduit une discrétisation DG globale
pour les équations de SGN rotational, qui présente des propriétés intéressantes. Une méthode
robuste de Runge-Kutta DG (RK-DG) est développée pour la partie hyperbolique du modele. Cette
méthode repose sur un solveur de Riemann HLLC adapté, spécialement congu pour assurer la
préservation de I’ensemble convexe d’états admissibles au niveau discret.

Concernant les perspectives, il est naturel de penser a considerer maintenant les extensions en
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dimension 2 d’espace pour ces schémas. Aussi, il peut étre intéressant d’utiliser le schéma proposé
dans notre chapitre 5 pour les modeles de déferlement de [89, 137] et ainsi assurer la robustesse
des schémas numériques pour ces modeles.

En outre, la question de la construction d’une méthode d’approximation pour les équations
SGN a vorticité générale en gardant les termes du second ordre (5.15) est une question ouverte.
Ces équations peuvent étre reformulées ainsi:

A H + d(HV) = 0, (6.1a)
(1 + T[H, b))[8:(HV) + dx(HV?)] + gHO ¢ + HQ,[H, b](¥)

+ dy(H?¢) + HC[H](H*,7) = 0, (6.1b)
8,(Hvo%) + 0,(Hvo?) = 0, (6.1¢)
d(He) + 0 (Hve + H*F) + d(H?)f = 0, (6.1d)
d,(Hf) + 0,(H¥f) = 0, (6.1e)

et nous voyons apparaitre deux difficultés supplémentaires: (i) le terme de flux "conservatif" dans
I’équation d’évolution sur e est modifié par rapport a la situation sans f, avec un nouveau terme
en 0,(H*f), (ii) il y a un terme non-conservatif en 0(H?)f dans 1’équation d’évolution sur ¢. La
présence de ce terme non conservatif invalide la stratégie proposée ici pour assurer la positivité de
e. Plus généralement, la question de la construction d’une formulation discrete pour ce systéme est
intéressante. En oubliant provisoirement les termes dispersifs, et en ne gardant que les termes avec
dérivées du premier ordre, pour lesquels nous pourrions étre tenté de développer une méthode DG
décentrée "hyperbolique", nous obtenons:

&H + dc(Hv) = 0, (6.2a)
O(HV) + 0,(HV?) + gHO ¢ + dx(He) = 0, (6.2b)
8,(Hv*) + 0,(Hvo¥) = 0, (6.2¢)
d,(He) + d,(Hve + H*) + 0, (H»)f = 0, (6.2d)
0,(Hf) + 0,(HVf) = 0. (6.2¢)

Notons qu’en négligeant les termes en | dans I’équation (6.2d), nous retrouvons le systeéme
étudié dans le chapitre précédent pour lequel le solveur de Riemann HLLC a été construit. Notons
également que deux équations ont des termes non-conservatifs dans ce systeme: I’équation sur Hv
avec le terme classique en gHd, b, et I’équation sur He avec le terme 9,(H>)f et qu’il est important
d’essayer de traiter ce nouveau terme non-conservatif d,(H?>)f de fagon appropriée afin d’essayer
d’assurer la positivité de e.

Le systeme (6.2) peut maintenant s’écrire de maniere plus compacte ainsi:

0w + 0,F(w) = B(w, b), (6.3)
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avec

l Hv 0
Hv T(W) _gHaxb
w = | Hot |, F(w) = Hipt , B(w,b)= 0 , (6.4)
He Hie + H*f —0,(H?)f
Hj Hv{ 0
with
F(w) = Hv> + p(H,¢), (6.5)
p(H,e) = %gHZ + He. (6.6)

Il est intéressant de constater que la matrice jacobienne F’(w) va maintenant dépendre aussi de §
et que ses valeurs propres aussi. Les premieres études de 1’algebre associée a F’(w) montrent qu’il
n’y a pas de formules explicites pour les valeurs propres, obtenues comme racines d’un polyndéme
de degré 5. 1l est toutefois possible de fournir une description asymptotique de ces valeurs propres
en fonction de y, a la précision du modele et de mettre ainsi en évidence la contribution de ce
terme. Une piste de recherche pourrait ainsi étre de construire un solveur de Riemann approché
associé a ce systeme, en essayant de discrétiser convenablement le terme non-conservatif. Deux
possibilités, au moins, peuvent €tre envisagées pour traiter ce terme non-conservatif: (i) proposer
un modele de relaxation adapté pour lequel ce terme est relaxé, (ii) traiter ce terme par une approche
path-conservative.

Un autre theme de recherche nous ouvre certaines perspectives: nous travaillons sur des mod-
¢eles asymptotiques de propagation d’ondes internes unidimensionnelles a 1’interface entre deux
couches de fluides non miscibles de densités différentes, sous hypothese couvercle rigide et a fond
plat [56, 58]. Un nouveau modele de type Green-Naghdi dans le régime de Camassa-Holm (ou
moyenne amplitude) est développé dans [57]. Ce modele est pleinement justifié, dans le sens ol
il est cohérent, bien posé, et que ses solutions restent proches des solutions exactes du systemes
d’Euler complet avec des données initiales correspondantes. Le domaine de deux couches est infini
dans I’espace horizontal variable (ici on travaille en d=1) et délimité en haut par un couvercle
plat et rigide, et en bas par un fond plat. De plus, les fluides sont supposés homogenes, idéaux,
incompressibles et irrotationnels. Ce modele a été reformulé dans [23] pour améliorer sa dispersion
fréquentielle et pour qu’il soit plus adapté a la résolution numérique, un schéma de splitting de
second ordre a été developpé dans [23] pour la résolution du modele de Green-Naghdi amélioré,
ou la partie hyperbolique du systéme est traité avec un schéma de volume finis d’ordre élevé et la
partie de dispersion est traité avec une approache de différence finies. L'objectif de notre travail
est de développé un schéma de type Galerkin discontinu d’ordre élevé pour 1’approximation des
solutions de modele de Green-Naghdi amélioré en prolongeant nos travaux antérieurs.
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